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ABSTRACT 


Results of creep tests on strips and full sections of lead cable sheathing 
are reported. Mathematical analysis of the creep properties is difficult, 
if not impossible, because of the nature of creep in lead, both flow at 
the grain boundaries and slip within the grains (the amount of each 
varying with different stress conditions), and because of the further 
fact that many of these alloys are unstable supersaturated solutions. 
Extrusion conditions and the biaxial state of stress in sheath samples 
make a comparison of tests on strip and full-size sheath difficult. 

Lead alloys show considerable recovery during cyclic loading. 
Data are given which may account for the wide difference in the 
amount of creep obtained in laboratory tests and field tests. 

Stress rupture tests are reported in which the loss of ductility as 
time for fracture is increased is very marked for some alloys. If the 
tensile stress is too low to cause slip within the grains, failure occurs 
at the grain boundaries, resulting in reduced elongation. The arsenical 
lead alloys maintain fair ductility under low as well as high stress 
conditions. 

Bending machines are described for testing the bending resistance 
of sheathing in strip form or extruded on cables. In the repeated bend- 
ing of lead, the rate of strain is very important. Since the lead may 
creep during the test and some corrosion takes place during slowspeed 
testing, the importance of testing lead in bending with a rate of strain 
as near as possible to service conditions is pointed out. The marked 
superiority in bending resistance of the arsenical leads is shown in the 
test results of both strip and cable bend tests. 
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AN INVESTIGATION OF CREEP, FRACTURE, 
AND BENDING OF LEAD AND LEAD ALLOYS 
FOR CABLE SHEATHING—SERIES 1946 


I. INTRODUCTION 


1. Previous Research on Lead Sheath Materials. — For nearly 
twenty years there has been conducted, on a widening basis, a series of 
investigations into the creep of lead and lead alloys used for cable 
sheathing. Some of the results hitherto obtained are given in Bulletins 
243, 272, and 306 of the University of Illinois Engineering Experiment 
Station. The last-named bulletin, and also Bulletin 347, set forth some 
of the previous results of fracture and ductility tests and also data on 
the effect of bending at relatively high frequencies and low amplitudes. 

A summary of research done by other investigators is given in 
Section 1 of Bulletin 306, published in August, 1938. Since that date, 
tests of cable sheathing at 100 to 3000 p.s.i. have been reported by 
Gohn, Arnold, and Bouton‘*’*; and tests on rolled lead and lead alloys 
at room temperature and at stresses of 350 to 500 p.s.i1. have been 
reported by Greenwood and Worner. Not all data obtained on creep 
and related phenomena appear in the literature; several lead manu- 
facturers and fabricators have installed research apparatus and have 
presumably made findings which are not yet available in print. 


2. Scope of Bulletin. — The investigations reported in Bulletins 306 
and 347 made it evident that more accurate prediction of the behavior 
of lead sheathing in service required tests, both creep and fracture, 
extending over much longer periods of time. Such test data are reported 
herein. The creep of sheathing under internal pressure and at a temper- 
ature of 150 deg. F. as well as at room temperature (about 78 deg. F.) 
is compared with the creep of strip specimens. The behavior of sheath- 
ing under alternate cycles of internal pressure and vacuum is reported 
for some samples of various alloys. Finally, because the bending of 
cables in manholes has created interest in the resistance of lead 
sheathing to bending, bend tests of both cables and strips at various 
rates of strain and at various temperatures are also reported. 


3. Variable Factors in Creep Tests of Lead and Lead Alloys and in 
Materials Tested. — Most of the specimens tested (see Table 1) were 
cut from cable sheathings which, by means of the usual factory pro- 


* The parenthesized supericr numbers throughout the bulletin refer to Appendix C. 
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TABLE 1 
Data ON SHEATHING TESTED 


A number of metals of somewhat different chemical composition, but all containing a sig- 
nificant calcium content, are grouped under the title ‘‘calcium leads.’’ Another group of metals 
with about the same calcium content but also containing significant magnesium content are titled 
“ealcium-type leads.’’ A number of the metals containing a significant amount of arsenic are 
called “arsenical leads.” Two metals containing a significant antimony content are grouped as 
“antimony leads.” Two metals containing a significant amount of tin are called ‘‘tin leads.’’ One 
special alloy containing mainly antimony and tin as the alloy constituents is titled ‘‘antimony- 
tin lead.” The rest of the metals are classified as of the types to which they most nearly con- 
formed as prescribed in Tentative Standard B-29-40T of the American Society for Testing 


Materials. 


Nominal Dimensions 
of Sheath 
1 eeIC Classification Manu- Sheath 
Sample Description Brvictal Outside ee facturer Received 
Diameter, ee 
ness, 
Inches Inches 
6 OL038 Fi @aaaeaeesan Calcium Lead 258 Vs II Feb. 1935 
2T OLS 7 Goi aan = 2%6 864 II June 1937 
GESSB: 0L03%) Causes cere 236 V4 I March 1940 
2B O°03.9% Cane nae 21346 W4 II Oct. 1935 
2P QHOSIYANC ES, oa ciais ae 2H6 bir I Nov. 1936 
2J O0295 Cae pee 234 V4 II Aug. 1936 
28 0:03 7s Cannan sane Calcium-Type 23% 332 Vv April 1937 
2SN O37 ACax eee Lead 234 364 V Now 1938 
a144:A° 002% Ca. i222. ee 238 V4 Vi Feb. 1940 
L-144B Heat Treated...... 238 Ves Vv Nov. 1940 
C@=297) 010297) Cane tee cee: 22564 564 Vv Sept. 1939 
©2189) (002% Can... sae 2964 V4 Vv Sept. 1939 
1ONolae  MOHOUIOG (lee Poo 434 964 x Oct. 1942 
(OPE RUE a Aahewtan a neith Hors hee Arsenical Lead 272 864 I Feb. 1944 
G28 80 eB Av veatr pec Tete eases 212 864 I Jan. 1945 
CATO ee ah t ine eee 21532 S64 I Oct. 1941 
GENS ee Pi ee eee 2364 564 Vv May 1946 
AUS Pas. CCK er eae ee, omaercerene ae Chemical Lead 234 S64 Vil March 1938 
GAZOG rotor, oe dbase. cons teeny 2130 964 IV Sept. 1938 
B27 Cleve to oo oman: 216 864 Vil Aug. 1938 
0-361 2g Pree ke tee et 2139 S64 IV Aug. 1942 
CX). eA aaere eat cnraetene ore 278 32 VIII Noy. 1936 
uN a AeA ri hots Re Ree See, Oe Corroding Lead 3332 5$2 VI June 1939 
DINE Penrice nce? hoi eke 235 5$2 IV Sept. 1936 
PA 6 cae SEND Gate. Antimony Lead 21939 Te II Aug. 1936 
TESA Caer ee Re a ate hae Ae 278 964 Ill Nov. 1928 
DC peencetei ed cn hen a ae Copper Lead 234 S64 VII Noy. 1935 
C409. eee, 21146 Xa VII Jan. 1946 
Sain Re er atest oh ore ok Ieee 21\46 964 VII Jan. 1946 
a QO avede was Myotis, tye etree ore at 22364 964 I Sept. 1941 
ob SOME cre cinch te vane 234 364 V Dec. 1935 
ya fe Acta, CSSA DIR ROC cree eat 215$2 964 Vv Sept. 1936 
BGe eee eesee ee eceeeee 27% 342 vil April 1936 
Sor AACE eR Ta Rea ee 3 5$2 I Dee. 1935 
(CO ging ssa a Oe Acid Lead 2932 Sé4 V Aug. 1941 
BIN Bier eum tne oe SEC RE ae Common 276 54 IX 5 
Me mie pcre tees eee eee Desilverized Lead A 3 ea v Oe 1080 
oe teen eee eee eee eee 217$2 964 IV July 1942 
ens canna 3h2 5$2 I Sept. 1935 
OU pigiele os as oss sieissiae shes se es 278 346 IV Nov. 1928 
ONE oe RS Pers ac aCe > ee Corroding Lead 3 34 if 
| Sine Ghas 46 VIL Feb. 1939 
CH411 © aie Frayer nat aeteeaes | Tin-Antimony Lead 24964 Ya VII Jan. 1946 
as Po rt CS ooh Nari Tin Lead 238 9b IV Oct. 1936 
OMe ype eH He eee Be © 2Qll4o 964 IV March 1940 
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duction methods, were extruded by various cable manufacturers onto 
commercial lengths of cable. The specimens, therefore, contain many 
variables. The chemical composition (see Table 2) of the specimens 
of commercial sheathing varies widely, but it is known with fair 
accuracy. The rates of extrusion, however, are not known; they may 
vary widely from sheath to sheath and indeed within the same sheath. 
Stopping the lead press during extrusion affects the heat treatment of 
the sheath, as shown by the test results of two samples of sheathing 
tested with internal pressure. Practices as to quenching after extrusion 
vary. Localized impurities sometimes do and sometimes do not occur 
at critical sections of the specimens. The test results are further influ- 
enced by the position of the charge welds with relation to the speci- 
men. The flattening out of the samples and the subsequent machining 
of the specimens affect the lead alloys differently, and the size and 
shape of the specimen change somewhat the creep and ductility 
values obtained. Finally, the interval between extrusion and testing 
has varied. 

These many variables may explain some of the differences among 
test results of various samples in this investigation, and also between 
results from this investigation and those reported by other laboratories. 
The range in results has been considered representative of that which 
might be expected in commercially produced sheaths. 
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B. R. Ricuarpson, Electric Superintendent, Western United Gas 
and Electric Company 

J. L. Smrrx, Supervising Engineer, Construction Department, 
Commonwealth Edison Company 

H. W. Orrman, Design Engineer, Public Service Company of 
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Il. Creer Tests oF TENSILE SPECIMENS OF LEAD AND Leap ALLOYS 


5. Racks for Creep Tests of Tensile Specimens. — The creep tests 
reported herein may be compared directly with those in Bulletin 306: 
the dimensions of the 10-in. gage length specimens, the creep racks, 
the extensometers and cathetometers, and in fact the apparatus and 
procedure were the same as those reported in the previous bulletin.* 

Vibration was slight. Most tests were conducted on the third floor 
of a three-story, reinforced-concrete building (Arthur Newell Talbot 
Laboratory), where little vibration occurs normally. The racks con- 
taining the specimens were suspended on springs. 


6. Test Data for Creep Tests of Tensile Specimens. —The data 
obtained from creep tests of strips of cable sheathing consist of 
recorded observations of elapsed time and elengation under steady 
tensile stress. The data in graphical form show elapsed time plotted as 
abscissas with creep (expressed in per cent increase in length) plotted 
as ordinates. Figures 1-6 show the test results to the end of the test 
period of creep tests of 10-in. tensile specimens. 


7. Results of Creep Tests of Tensile Specimens. — The long-time 
creep of a lead or of a lead alloy may be divided, rather arbitrarily, into 
three stages: (1) a preliminary stage, generally covering the first 500— 
1500 hr. under constant load, during which creep progresses rapidly 
and its rate diminishes; (2) a second stage in which the creep rate 
stays nearly constant for the greater part of the life of the specimen; 
and (3) a final stage in which the creep rate increases with ‘necking 
down” of the specimen until final fracture occurs. None of the tests 
reported in Figs. 1-6 was carried beyond the second stage of creep. 

A large part of the first stage of creep is due to the immediate 
elongation upon application of load. This is largely elastic action. 
However, considerable strain hardening takes place in this period. At 
the relatively low stresses encountered in service much of the defor- 
mation takes place in the first stage of creep. The test results support 
the belief that, for most lead alloys, the creep continues to decrease at 
a slow and diminishing rate throughout the second stage. The de- 
crease has been observed in commercially pure lead sheaths even after 
more than ten years on test and is more pronounced in the age-harden- 
ing and strain-hardening lead alloys. In fact, the dividing points 
between the stages of creep are seldom sharply defined; instead, grad- 
ual merging occurs. This makes it difficult, if not impossible, to predict 


* The creep racks were operated at room temperature (which vari i 
: a ated ¢ a i ch varied between 60 deg. 
deg. F. but averaged about 78 deg. F.), 110 deg. F., and 150 deg. I. rue 
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accurately the total creep for extended periods of time from creep tests 
extending less than 5000 hr. in which the stresses are in the range 
equal to service stresses. However, for predicting creep for stresses 
near 200 p.s.i., the assumption of constant creep in the second stage is, 
when based on tests covering a reasonably long period, very useful in 
that it permits comparison of various materials and extrapolation of 
the results to longer periods. It tends to give values of creep for ex- 
tended periods of time which are on the high side and hence are 
considered safe for design purposes. 

In this as in previous bulletins, the beginning of the third stage of 
creep is regarded as marking the effective ultimate service life strength 
of lead and lead alloys. The extrapolation of the data must therefore be 
limited to the second stage. The method proposed by P. G. McVetty 
gives predictions of creep to 10,000 hr. which, if the creep rate (v) at 
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5000 hr. and the corresponding value of e, are used, are in close agree- 
ment with the results of creep tests actually continued to 10,000 hr. 

In MecVetty’s method the creep rate in the second stage is con- 
sidered constant, and on the creep-time diagram the straight line 
representing this constant rate is projected back to the zero axis for 
time. The intercept of this line with the zero axis is designated e,. 
Then if v is the creep rate during the second stage, the total elongation 
or creep for any time (t) up to the beginning of the third stage is 
= 2, sel 

The elongations under steady tensile loads of lead and lead alloys 
in the extruded form are not exactly reproducible. Duplicate specimens 
loaded under similar conditions often show somewhat different creep 
rates. It is rather difficult to extrude a sheath of uniform grain struc- 
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ture; hence, tensile specimens cut from the sheath will vary in struc- 
ture. And since for low stresses much of the creep occurs at the grain 
boundary area —the amount of which varies in the different specimens 
—some “scatter” is obtained in the test results. This discrepancy 
makes it difficult to predict the creep accurately by analytical analysis. 
Many of the formulas derived by Bailey™, Ludwick, Nadai™, 
Norton “®, and others for estimating creep using creep rate alone, give 
reliable results for some individual lead alloys but may lead to serious 
error if applied to only a few data obtained from certain commercial 
sheathing alloys. 

Many of the alloys of lead with creep resistance superior to that of 
the A.S.T.M. grades of lead are age-hardening alloys which show a 
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decreasing creep rate with time even after 20,000 hr. of test. On solid- 
type cables they cause higher internal pressures to develop, in order 
to accommodate the thermal expansion of the insulation and copper 
within the sheaths, than do commercially pure lead sheaths. The age 
hardening of the calcium alloys not only makes a prediction of the 
creep difficult but also limits their usefulness as sheathing materials. 
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While showing good creep resistance, these alloys are so low in ductility 
that sheath failures might occur due to the higher stresses developed 
within the sheath. The 0.02 per cent—0.04 per cent calcium type alloys 
with 0.014—0.016 per cent magnesium and about 0.25 per cent tin are 
typical of this group. These caleium alloys age-harden and so lose in 
ductility that, within a few years, cracks appear at the grain bounda- 
ries after slight bending. 

The arsenical lead is superior to chemical lead in creep resistance 
but shows a tendency to lose some of this superiority at stresses SGoue 
200 p.s.i1. at 150 deg. F. The arsenical lead shows a decrease in strain- 
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hardening in the second stage of creep in the tests made at 150 deg. F. 
This may be due to self-annealing or some breaking of bonds within 
the structure, possibly a loss of keying action, instead of to relaxation 
in annealing. In the creep test results of these alloys, there is consider- 
able scatter which makes for risk in estimating their creep by the use 
of formulas, since any change in rate of strain hardening or relaxation 
which takes place would affect greatly any formula for prediction of 
creep based on creep rate alone. As has been said, the most reliable 
formula for predicting creep of lead sheathing at stresses met in 
service is the McVetty formulas of the form e = e, + vt. One reason 
is that, for a given creep-time curve, as the value of v is increased or 
decreased the value of e, is decreased or increased, so that the value of 
total creep predicted at the end of any elapsed time tends to equal that 
predicted at a later time. 

Figure 7 shows the total creep as determined by the formula 
« = €, + vt for 10,000 hr. based on the test results to 2000 hr. Table 3 
gives a comparison in condensed form of the total creep based on the 
2000-hr. tests, and on the 5000-hr. tests when available, and also the 
actual creep obtained in 10,000 hr. for tests continued to that length 
of time. The age hardening and strain hardening of many of the alloys 
reduced the actual creep obtained in 10,000 hr. to a value less than 
that predicted by the McVetty formula based on the 5000-hr. tests. 
As might be expected, the 5000-hr. prediction was much more accurate 
than the 2000-hr. Table 3 shows the effect of dispersion hardening in 
the calcium-type alloys. At 150 deg. F. and at stresses above 200 p.s.i. 
the arsenical lead alloys had more creep than is to be expected from 
the 5000-hr. prediction. This indicates some loss in strain hardening 
at the higher stresses and temperatures. At lower stresses and tempera- 
tures, however, this material strain-hardened somewhat past the 
5000-hr. mark. In general, the creep for the arsenical leads could be 
predicted with accuracy from the 5000-hr. tests. 

As an arbitrary evaluation of the creep resistance of the various 
sheathing alloys Figs. 8 and 9 have been constructed to show the 
creep rate per 10,000 hr. and the total creep in the first 10,000 hr. for 
strip specimens loaded to 200 p.s.i. tensile stress. This type of diagram 
makes immediately apparent the superior creep resistance of the 
calcium and arsenical lead alloys. Since the diagrams are plotted to the 
same scale the effect of the temperature upon the creep resistance of 
the various alloys may be easily noted, as may also the low creep 
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TABLE 3— Part I 
SumMMary or Creep Test Resuuts or 10-INCH SPECIMENS 


2000 Hours 


5000 Hours 


_ Total Creep 
in 10,000 Hours 


; Stress, Extrapolated 
Material Temp. Total Total From 
Co, eo. 
p.s.i Creep, : Creep, Actual, 
by 
% % % % 2000- | 5000- | Test 
Hy. elie) 
Test Test 
2T 0.087% Cal- 
cium Lead...... tae 400 OLOZOMOl Dt) |e eet eal), Meee era CAG geantl uae ae 
300 OnO50 I OPO84s 1) eer, ole ei cee O;- 22 Oiler Geaete willimronioeae 
250 Ol038 I POLODSs | mannici een oe OUTS Ul eearere meena 
200 OF 023490. 0395 te ||) Been, OS LOS aS eiveael basher 
150 COS O1 47 ROC O20) Naseem ere O.044 0" ose... 
100 OF 006202010 mee ens a timers OL O26 Hivos ats | Perce 
ALCS ie Aa AR ae 110°F. 300 OROZSe OUD Seater een meee OTS. lature! | ores 
250 OROS EE ONOSS I ae Son |) ae, DOL ANG. wiceeme Mill vaeetioen 
200 GROSS On O43. eee mnt a ee OS083 kr oa alleeeeee 
150) VOlOLE 1 O5025) oe ear Nh oe OOS | cigs lle aeons 
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300 0.029 | 0.036 0.0382 0.041 0.064 | 0.050 | 0.051 
250 0.020 | 0.024 0.021 0.028 0.040 | 0.035 | 0.036 
200 0.019 | 0.024 0.021 0.030 0.044 | 0.039 | 0.040 
150 0.012 | 0.014 0.012 0.016 0.022 | 0.020 | 0.020 
100 0.008 | 0.010 0.008 0.012 0.018 | 0.016 | 0.018 
110°F. 400 0.06 0.088 0.066 0.122 0.20 ON 78am ere 
300 0.037 | 0.048 0.040 0.058 01002 1) OOFG eos 
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200 0.028 | 0.039 0.030 0.050 0.083 | 0.07 0.060 
100 0.018 | 0.026 0.022 0.030 0.058 | 0.038 | 0.040 
28SN 0.03% Cal- 
cium-Type Lead | R.T. 400 0.060 | 0.12 0.104 0.168 0.36 0.232 | 0.198 
300 0.038 | 0.054 0.050 0.070 0.118 | 0.090 | 0.080 
250 0.026 | 0.040 0.036 0.054 0.096 | 0.072 | 0.063 
200 0.016 | 0.022 0.018 0.028 0.036 | 0.038 | 0.0375 
150 0.011 | 0.014 0.012 0.019 0.026 | 0.026 | 0.023 
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TABLE 3 (CONTINUED) 


SuMMARY oF CreEP Test Resuuts or 10-INCH SPECIMENS 


2000 Hours 5000 Hours Total Creep 
in 10,000 Hours 
Stress, Extrapolated 
Material Temp. Total : Total From 
psi. | % | Creep, D Creep, Acne 
, 2000- | 5000- | Test 
7 % 7 ve tgs Hr: 
Test Test 
-88B 0.03% Cal- 
£ cium fa ovens 110°H. 350 OLO88 | \O343')| Aepartece ml Meise, ee £3630) Goa aoe amor 
300 0.084 | 0.175 0.104 0.280 0.539 "| O,456) Fee 
250 0.046 | 0.067 0.064 0.080 O18) \ OL09G eens 
200 0.032 | 0.050 0.041 0.062 0.222 |) O. 0835" en ae 
179 0.030 | 0.043 0.034 0.056 0.0954) OL078 esas 
100 0.002 | 0.006 0.002 0.010 02022 0 0LS: ae 
150°R. 350 O2225y OcSLae | Cee ite ee oe ZANT ete ||| meets 
300 0.090 | 0.230 0.11 0.425 0.79 . 64 0.71 
200 0.030 | 0.060 0.050 0.080 0.180 | 0.11 0.105 
100 0.015 | 0.020 0.015 0.025 0.04 -035 | 0.03 
2B 0.03% Cal- 
QIN) chile sess 150°F. 250 O.080) }, OF15C |) cesses | Sa. eee 0.46. |) (sos. Wl eee 
200 ON O46. | OL OGT Wetec || | eens OldS4 A) sake ll tee 
150 O: 008 Ol0280) Gal || “ta. s 0.048 of SS Fae 
100 O006) | OL 0845) Qiao. ct ie ia ve OU485) 2's Fae eee 
25 0.029% Cal- 5 
GUUS ous, heres ee 1L1OSR, 400 OL070 | OO 155 0.105 0.255 0.495 | 0.405 | 0.3875 
350 0.072 | 0.135 0.1075 0.200 0.387 | 0.2925) 0.270 
250 0.030 | 0.045 0.032 0.0625 | 0.105 | 0.0930] 0.0800 
150 0.014 | 0.0175} 0.0125 0.0225 | 0.0315} 0.0325| 0.0325 
L-144-A 0.02% 
Calcium-Type 
Resdiads Goins. RT, 400 0.035 | 0.062 0.054 0.091 OQ. 170 | O2128) |) O3te7 
300 0.023 | 0.039 0.034 0.053 0.103 |-0.072 | 0.07 
250 0.016 | 0.024 0.020 0.029 0.056 | 0.038 | 0.036 
200 0.013 | 0.019 0.020 0.024 0.043 | 0.028 | 0.035 
150 0.014 | 0.016 |—0.006 |—0.004 0.024 as Seah eee 
100 0.006 | 0.007 0.006 0.008 0.011 | 0.010 | 0.008 
Trl44sA wi cea 110°F. 400 0.043 | 0.143 0.095 0.272 0.543 | 0.449 | 0.415 
300 0.024 | 0.0425) 0.03 0.070 0.1165] 0.110 | 0.100 
250 0.019 | 0.030 0.022 0.0425 | 0.074 | 0.063 | 0.62 
200 0.018 | 0.027 0.020 0.035 0.0630) 0.050 | 0.050 
150 0.0075} 0.0155} 0.012 0.022 0.0475) 0.032 | 0.03 
100 0.006 | 0.010 0.0075 0.012 0.026 | 0.0165|) 0.0175 
1 at Ce ee a eter 150°F. 350 0.08 0.28 0.24 0.53 1.08 0.82 0.67 
300 0.055 | 0.173 0.13 0.32 0.645 | 0.51 0.43 
200 0.02 0.055 0.05 0.08 0.195.) 0.11 0.086 
100 0.007 | 0.01 0.007 0.01 0.022 | O.013) |}"Os015 
Del44eBi i cen 150°F. 300 0.034 | 0.065 0.05 0.096 OL1S9) |, OF L427 Oe eee 
200 0.020 | 0.036 0.028 0.053 OL 100! | GLOTS! iene 
Heat-Treated..... 150 0.017 | 0.029 0.024 0.039 O08 | ONO54 5 gece 
100 0.0095; 0.016 0.015 0.020 ON042) || (OR025) | eee 
C-297 0.02% Cal- 
cium-Type Lead | 110°F. 400 0.066 | 0.122 0.087 0.1885 | 0.346 | 0.290 | 0.260 
300 0.042 | 0.068 0.054 0.095 OL.) Os s6 Oe tes 
250 0.031 | 0.045 0.0388 0.060 0.101 | 0.082 | 0.076 
200 0.020 | 0.029 0.024 0.038 0.065 | 0.052 | 0.046 
ibe p-0x8 ae 0.019 0.030 0.051 | 0.041 | 0.039 
004 OLO 0.006 0.014 0.034 : ‘ 
L-657 0.01% Cal- | sacar sae ae 
cium-Type Lead | 110°F. 400 0.40 1.13 0.466 2.12 4.05 RS el 5 ae p 
300 0.166 | 0.20 0.133 0.25 0.336 | 0.367 | 0.40 
250 0.045 | 0.055 0.050 0.065 0.095 | 0.080 | 0.0866 
200 0.023 | 0.030 0.026 0.032 0.058 | 0.0388 | 0.040 
150 0.0166} 0.021 0.020 0.025 0.0386) 0.030 | 0.0266 
100 0.013 | 0.0166] 0.013 0.018 0.031 | 0.023 | 0.022 
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TABLE 3 (CONTINUED) 
a 
SuMMaRY oF Creep Test Resutts or 10-INcH SPECIMENS 
2000 Hours 5000 Hours Total Creep 
in 10,000 Hours 
Material Stress, Extrapolated 
GGL Temp. é Total rn Total From 
D.s.i. » | Creep, "} Creep, Actual, 
by 
% % % % 2000- | 5000- | Test 
Hr. leby, 
Test Test 
C-296-A Chemical 
MEAG Pus sierarn ccs 110°F. 250 0.055 | 0.22 0.06 0.46 OSSSOnRONS6 meer 
200 0.044 | 0.106 0.051 0.192 OnNS54 || OL 833 a) eee 
150 0.031 | 0.075 0.045 0.124 250 Ns Oe20S wee 
100 0.021 | 0.038 0.026 0.056 0-106") 0.086 | 1.25. 
75 0.014 | 0.028 0.022 0.040 0.084 1 0.058.) 2a 
50 0.004 | 0.006 0.004 O4008) > \ ONOLE A OVOL2 tT aie ancl 
2U Chemical Lead igh 250 OL O30) IO sdSS ta crates. Il iene On485 ie cetacean 
200 SOT OOO Wier cer lhe eee Oe 274 aa eRe 
150 GOT?) iO.03o shee sehen sy ae eg Is al) Wa | 
100 OCORES | 0028 te keoecce No “oted.< ON OGG” ict al eerens 
75 O.DG6 102013) btu hae OO4T Wie asaiet elie orctees 
50 0.002} O.0095te— nas.) Gino. O 0295 re Soo wee 
110°F. 250 0.0338: | OrES5.W cite. oll ee wee QOS Sacer Nh geese 
200 OFO22 700785) @aeaokeaet ane OnSsOZ Ue ncean 
150 O08) 0203844 | iota Wee OL DL aly Ect coll Merete 
100 ODOT TO CO LS Ae See hal eee On 0525s 
75 OR DOF MOP OUT eee eer Webs cites 0.0389 
150°F. 150 OU A:  SA LS aM aye ste YO erie oes OS STO ey asewnll consents 
100 COLO O56 acto i) netics O24 | oe ee dilaceses 
75 OL OPO) TOGO 3h armas oll) athe OSTOS Sl "ee lle eae ive 
50 O.008; TOsO2e A certe. wl: Neves OL ROS! ec ticks Sad. connect 
L-73-B Chemical 
OR CAE Svs etave ser i ER ie 250 OSE OeT ey oie circ ol oki aes ORTON Rice. 
200 OI08G 0" O09 Tl ween Nl aa OnS4 La eee NpAotsios 
150 OLOL9L  O1040 We Sah: el Mies ay Ors 24 icyteve Ns ese 
100 POOLS: WoC OR 2 all ee eer elle Peco OR LOO:. Ne ecspede mullienegersere 
(gs) OLOT2 OVOP We asic ee ieee ee OR OSTA oem cenit tater. 
50 OL008 WOO OT ah rs te MAOROS SW) bark metas 
L-73-B Chemical 
Weadern ee oe eros 110°F.} 250 Os042 SOL 288!” hee. Peet se Dy 7 re 
200 (OVE 0 57 fa MONG gat 2 i Pe ers eae QZ tee ake Mille tere eae 
150 QAO ZT AO sOGGEIT hese ell arcs OCS TS | os te Ih ele ees 
100 OROUG | O0264) "Ani ey |, Ae = 2 OROG Gi) Feevmll es ener. 
75 QOH 1 10020) le jee OROSGH | er cea eter ee 
50 0,002" |0.006)| Ae. OROZ2 aise eal eee oe 
150°F. 200 OLO7S TOPAZ Sap Soe or esr top| Nae deere es || mea oo 
150 0.05 OeTSS Wetec see Tl wget ee O52 59) ent linens 
100 OFOTIANO OS4 we cae NL ai tosekeite ONOOS: th Recraree6s al lent erctetes 
50 ORO OS NON Ct Soe recone ae Il Matcyreketa ts OROSS: ii Sacre ness eee 
C-361 Chemical : 
EGR pene aes aes 150°F. 250 0.115 | 0.58 0.180 1.260 2.44 2.34 2.188 
200 0.03 0.225 0.010 0.510 LO0S 5 00 OS9LT 
150 0.04 0.075 0.045 0.125 0.215 | 0.205 | 0.200 
100 0.015 | 0.035 0.015 0.07 0.115 | 0.125 | 0.093 
2G Copper Lead. . .| 150°F. 150 O025 1 OMA: ee te hee nso OVATE Wace ce alll bared 
100 OROOS a (OR GAS aly weretesce tt alumnae. crate (OF W ASIA regis cat'y Wieiocuanc 
75 OS O0G aOR O22 Freer eyes ee aes OROSG) rare || meester 
50 OVOO2 HOBO 20 Fee ares cml cia ce OLO9 2 excren | ttexcnace 
2Q Chemical Lead} R.T. 250 ORO49! MOAI SOM sere ee sate Onda Il Sean ilt muses 
200 OOO TOOTS ee see dey (SPE Sena e ull aides 
150 (SAA MOOR TA | res ticne fl  taeee che ODT We gaicntete, Il hata 
100 DLO ZOMMOLO2 D2 le meee, al|lmerarde yes ON OSS ae asa wy ebaisye 
75 ee OSCR AS! ceca |e Sh.aeee OTOUDS erreus ae llinestes ats 
50 CROCS HE OMOOOST =s cresatel ||| mars sare ONOSGS |e all eeee ts 
150°F. 200 OOS Ta Olas LOU Sag tree ets ater <5 LG QZO DTM poxscsoae uly atecteke 
150 OHOZG ils OAC | weevceie |) wea aitets ORG2G.c at sractuon | tense ehs 
100 QsO10y) OF06S eee Gl lr Bh OM SOO WH Weeks rom lhodaerses 
50 OAOOSM OROZZ Sree cee || Mace. (UNAS En Peer aoe | lek erco 
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TABLE 3 (CONTINUED) 
Summary or Creep Test Resutts or 10-1ncH SPECIMENS 


2 H 5000 Hours Total Creep 
Saas in 10,000 Hours 
Stress, Extrapolated 
Material Temp. Total : Total From 
p.s.i. Coy Creep, " Creep,» |= ents 
% 2000- | 5000- | Test 
% 7 ig : Hr. jue, 
Test Test 
2k C Lead...| 150°F. 200 O0205) ORES TS aie srecienen lareretetene OZST5 ils Ate sll) Sees 
ta 150 01026: 10: O80. css i” Were 0.296.) tae ie ee 
100 03009 O2021 5) cree eee ete O. 068) oe | 
50 O0052|) O2ORE Sh pon s/seneey easton 0.0352) 22322 | wseee 
| 
C-410 C er Lead | 110°F. 250 ONO4E i!\0:/202-4) “ee teiecey | Mees rae © (S34 oe a ae eee 
ait 200 OROSS | OLO87 Sh coer ieee 0.299 | 25228) eae 
150 0.020.) OC. O44 0) ose 227 I artes O: T40 I acim ce tree 
100 O.OLG- |) C0260") fac — aloe ore 0.066. nacess Wl eee 
21, € 1 heads o. |e Fk. 250 02039) Os8280)) 2.224) || 7 Bese 0):-459 UI PRe or ase 
aed 200 O: OTSs eG O58 eee as a O 2235) sa ae 
150 0.013} 6030 tid Saeco |) Keane 0.088 Vo so3.2 
100 O0061 O27 OL Sc8 le eeepc Os050 4) ee eee 
75 OG. 008: 1 OLOFO | =e ye The” Sacre O. 038) ose cy Nera eae 
50 OLOOLS TO 007- Neer We eee ORO26) Reg eee se 
150°F. 150 OnOLS: i) O20864) > Bees ree 0.370 | vse bY caelie ee 
100 00075) OS0325 i oe rcce Fl) Seles 0.13251 aeve ere 
75 020054 O.OLG) 1) pa Skee oes 0068) .c.228, eee 
50 O. 005 VOOR G NN Amcor. 2 We, gesichtet 0.075 Japaecey |: dees 
C-298 Acid Lead...| 110°F. 250 O21 | O.540 Fes... fe “ees ns DQG |" 2 sxe 2) a peyes 
200 O080 WW O280 01% woe: | | aia T O30 a sce eee 
150 @.030 \C.078 “laa | Sea 0 ey GR ee ay |B Sec 
100 C2033") O.085 1, ncaa | eee OS EZ Ns eee teres 
75 Gs082" POcOS44 " GaSe. Wy ae OF122) | eee ao & 
50 OS008) | OL ORSS) Sa. cr booted 0.058"! Taee eres 
C-299 Copper Lead | 110°F. 250 OSOSO) LOE So i Sea” bl deremeects 1 2a wi he aioe wl tates 
200. 1,0.0745 OL 206 meee et 027345) ene ees, 
150 O038 nh 0076.4) eee a meeeeee Oe2TS ye aes | owe se 
100 O O70} OC O28 sl! Sac ee pele ky O.080) | 2s. fists ss 
75 O.OUG. | OLO28 S|) Seer. coe lee compo: Ol076)) . aoe eee 
50 OF D047 10) OF Oi Per a) rere 0.084 ) 2s5<20 2 aenre 
2C Copper Lead...| R.T. 250 0.035 | 0.153 0.010 0.3525 | 0.625 | 0.695 | 0.603 
200 0.026 | 0.1025|—0.016 0.240 0.4085] 0.512 | 0.375 
| 100 0.015 | 0.03 0.015 0.05 0.09 0.085 | 0.065 
2C Copper Lead...) 150°F, 250 0.140) 2.2 0.140 2.57 5.04 5.00 4.73 
200 0.120 | 0.75 0.20 1.66 3.27 S212 He 0s 
150 0.140 | 0.69 0.26 1.45 2.89 2.64 2.38 
100 0.04 0.15 0.01 0.33 0.59 0.65 0.59 
C-409 Copper Lead | 110°F. 250 O3045r || OF S8e5i Te weeoe. Hl mercer LSS 50 perce Une cae 
200 OS056 OE TOO A itech tees O26) | Ree ieee 
2F Copper Lead. ..| R.T. 250 OJ084 1) OSO0T Als Ghecec WO vemc.ce O.349)| Pee 
| 200 OF 024.1 ONOGGL Ak Ae meee O.249'5| oe eee Neer 
150 OSOR | OL032 5) eee Imeem ©.216. (sea eee 
100 OLOTO: | OROZe ci es eannoe ll eene ae 0080)! Saigo alll, aeeeee 
75 OOO OOUG a eerers eeeallleneetetens 00645) 0-812 a meee 
50 OS 00251 C5008: 7) era) Mile GL080' (esc SAC ee, 
2N Corroding Lead | R.T. 250 OC 004 ll OL OCS eee ceeneae 1] mcrae OF300. Wie rascl nce 
| | 200 OLOSOn | OZ O88 eeeeten can 4h eee eee On 20 Ceara 
| 150 QLOLB | OKOS2 0 aero ole leeynrae OL006! Tos cemcnh eae 
100 O0078 | OR OLGS is rere || eee Q.O6% > soos eae 
75 ©),003'+}) CORI Wr Sire alee aree QO. s0435 Soe Set reer 
| 50 Q,0025| O70 00 Tai ieee tee inne O29) lr es Aaa es 
DNase ate danhesiedce 150°F. 150 ROGET WAM e  osae, I acgoc 0.643 rat 
100/05] OXO13) 02030 eeeneeine manent! 105138 0 nes ene 
50 5003; |) C2013 #) eeerere ty meme OJ 053: | etry eee 
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TABLE 3 (CONTINUED) 
SumMMARY oF Creep Test Resuurts or 10-1IncH Specimens 


2000 Hours 5000 Hours Total Creep 
in 10,000 Hours 
, Stress, Extrapolated 
Material Temp. os Total : Total From 
D.s.i. st Creep, ty Creep, Actual, 
by 
% % % % 2000- | 5000- | Test 
| Hr. Hr. 
Test Test 
uN Corroding Lead | R.T. 250 AOE | Oa th Vacca lt ore [Oe SM Mr ieee | eA aS 
200 DOU Ze OOS ile ai See eee OSES Tey eee: len eee 
150 OSO0TEINOROQ st, Streets ll eee ar O09 7 ecteheaneem lt coreectere 
100 DEOQOO UNO L007 Mee | eae QROSS eae eee oe 
75 CRO0SS SOV OUG Me an cnare le Netty O.065. |) Skier) eaten 
50 OLOO2F | MOVOW2 chy eamces ol) cess O05255|\5 oe ilk, oe 
| 110°F. 250 @.0135) OF1S5"|  e2.. i ers coe ORO Tl ra alt ooeteeee 
200 O-0585)) ORLIG 2 We ce eh ON GES A mcctonete eekoiere ete 
150 OLGEE NO OSS all a. geese tl hares OQ LOOSevareed it beakers 
100 COPS OO i Pee) © fee 0.064 4] deta were re 
| 75 OOOO CHOC sence i cea OO ea tercats = ll eaete oere 
| BO) | 05003- 1 O.0Lb| ances! orn: 0,048 ie avec eer 
2V Corroding Lead | 
and Copper. ....| 110°F. 250 0.42 GO! NF ee oy Git a BU Pall) cacttes oil) Seeeeede 
200 0.190 | 0.480 0.205 0.92 1.64 1 GSO04 (0 aerate. 
150 0.014 | 0.1165) 0.02 0.28 0.5265) 0.54)... 
100 0.022 | 0.053 0.02 0.095 CORET Tt ORE CO ieee nates 
75 0.015 | 0.027 0.015 0.04 OOZSa| POLOG Sanam 
50 0.005 | 0.0105) 0.005 0.02 0'.0325) +0035." oe. os 
’ Common Desil- 
verized Lead A. -| BoE 250 0.033 | 0.108 |—0.056 0.250 0.408 | 0.612 | 0.489 
| 200 0.028 | 0.082 0.008 0.168 0.298 | 0.328 | 0.298 
| 100 0.020 | 0.036 0.016 | 0.063 0.10 0.110 | 0.096 
\ Common Desil- | 
verized Lead A..| 150°F. 250 | 0.625 | 1.875 }—0.075 3.625 6.875 | 7.40 7.200 
200 0.10 0.755 0.475 1.575 3.825" | 2.675 | 2-500 
150 0.04 0.215 0.06 0.480 0.915 | 0.90 0.850 
100 0.02 0.10 0.07 0.220 0.420 | 0.37 0.330 
2M Common De- | | 
silverized Lead A) R.T. 250 OOLE O SOSA sais ercccte elim ectetn we OF A090" |) Srcneccete|eenarerevs 
200 OO OP20 1 OO49 Aeterna Ree O | Mae retail Setar. 
150 0009) | 0.1029) «..... | WEG OO Sl eceeicrs epee 
100 OLOOS RI ONOLO We seer me AO OS Oil itera cetat 
75 Ox O00 0005." s:2e8 “lees WADA a Tosoto! ||) ioc oX 
| 50 B2000 "TF OF002' ieee oe ron 10 OPO eee) I eetele rs 
DINE a nueh tt penetra oe “s 150°F. 150 CLOBO ORI Oh teen ONES bese | arene cata |= cctiote. 3 
100 O04 | 0064 } ccc. OS 264s) Weer tates cer 
75 0.008 | 0.025 NO5O09B Wes iccsucea llamada 
pO! 1 G-005, WOLOUSS|)— ezeack | great HtO104°7'5'l ae eyneyeetlimmerar rece 
| 
2K Antimony Lead | 150°F. 200 OR05S RORSDS sheath ill Meter | 1.574 I og squcer eee 
150 OZOLSF INO ZOOM Reveal!) eve=ne PaO I) urn legs Weockor lo 
100 O0S0 gh O20 sreee, teeth) apes cea Pee Ke Si tet eel G5 eae 
50 OLOTS KO O50 Se tee Himes cea LU IAC W lato cictal| . cein Ore 
K Antimony Lead..| 110°F. 300 COLT IMO SOU hae eee GE eae 2 Suerte ae mesa ere 
250 OROS5S Oe LOGS ences ae eure. OE A) | Sone ||| tac oo 
200 OR OBS: ORL LS Se Maree e arate lteertthar cee WORE dooms ll ono a 
150 OROZS MORO Meee eee |enicie, 5e ORD See creer lie aeons 
TOO! | ONOUSH|NON0420 emer | [POT 38 uh ee tac aaa 
50 O006)POROLIO |e [0 ye eras (BKC Alles! reais 5 | oaneeeeere 
| | 
Ree rete) nee | 150°F.| 150 | 0.017 | 0.298 | ..... ee. O05el metee y |eote tte 
100 OZOLSMIMOLOSS Siew. | OR SAS an ate mallcore tees 
75 OSOTOM CO LO276 tO eee ears OJ aes Sol Dato tie 
50 OLOOSaITOROSS GT eeacnes | || saetyes cr QML BS eee ter |stare ane 
(OPA Dra WEE leetie 3 || Hatt be 250 ORLOO Ns OMOLZE SN erctetens PA oN ONE Mera erat dee |W Peon 1 
oe ge 200 ONOSG a ORAO Cs res crate clon t|namrereeste12 LAGS Gyiheecce omens 
150 ONOsSwINORLOLa rere leet: OEP ay a avoid: 
100 OVOZUIE TOF L 24 sec ||| tetcsic DRG Seo. 0, | ote 
75 OROLOMMOZOGS 3 eect ||| wuetees | 0.300 cess 
50 OROOSMWOROZS se arate |! tata « feral ea. | 
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TABLE 3 (CONTINUED) 
SumMARY or Creep Test Resuts or 10-INCH SPECIMENS 


2000 Hours 5000 Hours Total Creep 
in 10,000 Hours 
Stress, Extrapolated 
Material Temp. Total 2 Total From 
ped Co, Creep, 2 Creepii= || eee SEES ee 
Die 
| 
i ge tl 2000- | 5000- | Test 
| A | % 7 7 Hr. He: 
| Test Test 
OF Meme ear eee 110°F. 250 0.110 | 0.965 0.350 2.05 4.38 Du hO! wiles were 
200 0.095 | 0.640 0.220 1.36 2 OVS S200) Merete 
150 0.070 | 0.430 0.120 0.910 1.87 he ROP even 
100 0.037 | 0.190 0.050 0.410 0.802) (ONE, aia 
75 0.020 | 0.090 0.030 0.180 0.370: | 033 7.22 
50 | 0.010 | 0.065 0.020 0.125 0.2286 Oi 23) 4) eee 
GeO De ecrastsete, skate 150°R. 200 OMEZOe | bs 2TOM iS ore sheen! Muletsnckone ey Gao (eerie Pio asc 
150 OcO65 A OO) | relerc et ||| ree A arate Sas alee 
100 020404) (O%470) ||) aires, terete HCD, VO tel cole, Soa meen een 
50 OLOLON OL O85 I) veces alle asters i), O. S83 Wee cca cee 
| ) 
2-0 Tin Lead....| R.T. | 250 | 0.038 | 0.244] ..... Wiser \$068" Ti. So. aan 
200 C2025. OG 4) areas | A EEN Wigeae 
150 CO 7p) Di 7 fie a een ee See SPAT We a Se cic Nl nec ees 
100 G 009.) O0674 casas C298 if eS as oe 
15 OLOUS"|) (OS058c)" 9 aera O;238:4| eee cee 
50 CO OD4 A OOS I ate cine tere ate O0139" || Soa 
C-192 Arsenical | 
Tends rat poe RF. |) 300 0.042 | 0.0615) 0.042 0.089 0.1395) 0.136 | 0.136 
200 0.025 | 0.0370' 0.027 0.053 0.085 | 0.079 | 0.079 
150 0.018 | 0.0255) 0.019 0.035 0.0555) 0.051 | 0.046 
100 0.016 | 0.0210} 0.017 0.0275 | 0.041 | 0.088 | 0.035 
50 0.006 | 0.0120) 0.010 0.016 0.036 | 0.022 | 0.0192 
110°F. 300 0.050 | 0.215 0.040 0.465 0.875 | 0.890 | 0.895 
| 250 0.046 | 0.100 0.036 0.179 0.316 | 0.322 | 0.343 
| 200 0.038 | 0.064 0.054 | 0.092 | 0.168 | 0.130-} 0.142 
150 0.022 | 0.032 0.028 0.042 0.072 | 0.056 | 0.060 
100 0.010 | 0.017 0.015 0.022 0.045 | 0.029 | 0.028 
~ ; 50 0.003 | 0.010 0.009 0.016 0.038 | 0.023 | 0.022 
C-331 Arsenical 
Ibead... .. 62... Re 300 0.040 | 0.051 0.049 0.061 0.095 | 0.073 | 0.072 
250 | 0.0387 | 0.045 0.0385 0.0565 | 0.077 | 0.0745] 0.072 
| 200 | 0.027 | 0.031 0.028 0.035 0.047 | 0.042 | 0.042 
200 | 03025.) 003i 0.031 0.036 0.055 | 0.041 | 0.0385 
150 0.010 | 0.016 0.0175 0.0195 | 0.040 | 0.0215] 0.020 
100 | 0.024 | 0.028 0.028 0.0305 | 0.044 | 0.033 | 0.0325 
LLOSE. 250 0.064 | 0.10 0.076 0.144 0.244 | 0.212 | 0.207 
200 | 0.037 | 0.055 0.048 0.078 0.127 | 0.108 | 0.095 
150 0.029 | 0.039 0.036 0.047 0.079 | 0.058 | 0.059 
100 0.013 | 0.0185) 0.013 0.026 0.0405) 0.039 | 0.034 
75 0.010 |} 0.014 0.010 0.020 0.030 | 0.030 | 0.0285 
50 0.002 | 0.003 0.002 0.004 0.007 | 0.006 | 0.0045 
150°F. 300 |—0.10 0.65 |}—0.65 2.15 32r0 5.6 5.15 
250 0.10 0.25 0.05 0.575 0.85 1.10 1.30 
200 0.055 | 0.115 0.03 0.200 0.355 | 0.37 0.41 
200 0.037 | 0.075 0.04 0.130 O227" t Ocz2 0.20 
| ns B.086 pings 0.042 0.090 0.160 | 0.138 | 0.135 
025 043 : 85 
C-3s0 Ansenical s 042 0.030 0.0575 | 0.110 | 0.0850] 0.075 
BAC an eae RT. 300 | 0.044 | 0.0675) 0.063 0.074 0.16 
200 | 0.0125| 0.031 | 0.029 0.030 0.1050 0.031 ae 
150 0.015 | 0.0325} 0.030 0.036 0.1525) 0.042 |] ..... 
110°F. 300 0.049 | 0.079 0.068 0.121 0.199 | 0.174 | 0.168 
| 250 0.049 | 0.067 0.060 0.086 0.139 | 0.112 | 0.1085 
| 200 0.022 0.032 0.026 0.044 0.072 | 0.062 | 0.060 
150 0.015 | 0.0205} 0.019 0.0265 | 0.0425} 0.034 | 0.032 
100 0.0125} 0.015 0.013 0.0180 | 0.0250) 0.023 0.022 
75 0.01 0.0110} 0.009 0.013 0.0150) 0.017 0.018 
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TABLE 3 (ConcLUDED) 
SumMaAry or Creep Test Resuurs or 10-IncH SPECIMENS 


2000 Hours 5000 Hours Total Creep 
in 10,000 Hours 
y Stress, Extrapolated 
Material Temp. 5 Total Total From 
p.s.i. re Creep, fo, Creep, Actual, 
by 
70 % % % 2000- | 5000- | Test 
Jabes F 
Test Test 
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The gradual diminution of creep rate in the second stage of creep 
is shown in Fig. 10. All lead sheathing alloys tested showed a reduc- 
tion in creep rate for several thousand hours, except the arsenical leads 
with high stresses at 150 deg. F. Some of these showed an increasing 
creep rate. The chemical lead, C-296A, and the 2.5-per cent tin alloy, 
C-92, have the greatest reduction in creep rate, but seem to reach a 
fairly stable rate after 5000 hr. of test at 110 deg. F. with a 200 p.s.i. 
tensile stress. The creep rates of arsenical lead alloys, C-331 and C-389, 
do not decrease as rapidly as those of the chemical lead and tin alloys, 
and reach a fairly stable rate at 8000 hr. with this stress and tempera- 
ture. The 0.02 per cent calcium-type lead, C-297, had a diminishing 
creep rate at 18,000 hr. The 0.01 per cent calcium-type alloy, L-657, 
had a decreasing creep rate to 4000 hr.; the rate then increased for 
10,000 hr. and became very stable at 14,000 hr. All these materials 
were a year or more old when the tests were begun, and hence had 
considerable ageing at room temperature. They all showed consider- 
able strain hardening during the early part of the test period and a 
slight strain hardening during the latter test period, with the exception 
of the 0.01-per cent calcium type alloy. 
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Fic. 10. Dim1INutTIon or Creep Rate as Creep Tests Progress 


Figure 11 shows the effect of copper content on the creep resistance 
of lead sheathing material. The maximum bismuth content of the 
material used in this comparison was 0.06 per cent. The room temper- 
ature tests (average 78 deg. F.) show that at stresses less than 250 
p.s.1. a copper content of 0.048 to 0.071 per cent gives creep resistances 
shghtly higher than those for materials with less copper. The 250-p.s.1. 
tests, however, seemed to indicate a slightly lower creep resistance as 
the copper content increased. The tests at 110 deg. F. and 150 deg. F. 
indicate that the higher copper content (0.048-0.71 per cent) gave 
better creep resistance at the higher temperatures. The tests at room 
temperature and at 150 deg. F. indicated that a copper content of 
0.03-0.04 per cent reduced the resistance of the lead to creep. It should 
be noted that other constituents were not constant in the various 
samples considered here, and might have influenced to some extent 
the indications cited. 

The effect of calcium content upon the creep resistance of lead 
sheathing material is shown in Fig. 12. The 0.02 per cent calcium- 
alloy with 0.016 per cent magnesium and 0.25 per cent tin was the 
most resistant to creep at all three temperatures. The 0.01 per cent 
calcium alloy with 0.009 per cent magnesium and about 0.20 per cent 
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tin had as good creep resistance as the 0.02 per cent calcium alloy at 
stresses below 250 p.s.i. at 110 deg. F. The creep of the 0.04 per cent 
caleium alloys was less than that of the 0.03 per cent alloy except at 
stress above 300 p.s.i. at 150 deg. F. The 0.016 per cent magnesium in 
the 0.02 per cent alloys seemed to increase its creep resistance and de- 
crease its ductility. The significance of this fact is discussed in 
Section 5. 

The effect of bismuth content, 0.01-0.10 per cent, on the creep re- 
sistance of leads with copper content ranging from a trace to 0.07 
per cent was to increase the resistance. In almost every case where the 
copper contents were about equal the material with the higher bismuth 
content had more creep resistance. However, as is shown in Section Ds 
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bismuth (ike magnesium) reduced the ductility of the lead in fracture 
tests extending over 5,000 hr. 

Alloys with arsenic in the range of 0.16—0.182 per cent and in com- 
bination with bismuth showed increased creep resistance as the content 
of these elements was increased. The tin content of these alloys was 
decreased as the arsenic and bismuth were increased, which no doubt 
increased the creep resistance also. The arsenic, probably by increas- 
ing the dispersion of the other elements, increased the creep resistance 
and ductility of the lead. 

Tin in the range of 0.36 per cent—2.5 per cent definitely reduced 
the creep resistance of lead at stresses of 300 p.s.i. and below. An 
antimony content of 0.75-1 per cent in lead does not increase the creep 
resistance of the lead as much as 0.04-0.71 per cent copper. Over a 
period of several years at room temperature, antimony segregates at 
the grain boundaries and thus weakens the lead in strength and reduces 
the ductility. 
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q = a a | 
Il]. Creep or Caste SHEatTHiInG Unper INTERNAL PRESSURE 


8. Sheathing Tested, and Apparatus for Testing Sheathing, Under 
Long-Continued Internal Pressure.—In order to study further the 
creep resistance of the various sheathing materials under internal pres- 
sure, the equipment for testing cylindrical samples of cable sheathing 
described in Bulletin 306, pages 54-57, was enlarged to accommodate 
nine samples of cable sheathing at a time. This equipment consists 
of a rack holding 6-ft. samples of cable, sealed at both ends, having 
constant pressure applied by means of an oil reservoir. Expansion of 
the sheaths is determined periodically by measurement of the outside 
diameters with micrometer calipers. These measurements are made on 
small steel studs soldered to the sheath at stations 12 in. apart along 
the sample and across 2 diameters at each station. 

The same testing technique reported in Bulletin 306 was used for 
the tests reported herein, except that in some tests the internal pres- 
sure was 40 p.s.i. instead of the 25 p.s.i. previously employed, and 
additional equipment was constructed to run tests at 150 deg. F. 
Table 4 lists the samples. 


9. Correlation of Tension Tests with Creep of Sheath Under In- 
ternal Oil Pressure. — The expansion of the cable sheathing at various 
stations along the sheath is plotted in the graphs in Figs. 13-17, along 
with the average of all the stations. There is considerable scatter in 
several of the station readings, and some indicate consistently more 
strain than others. Since stations 1 and 5 or 6 are only 6 in. from the 
wiped seals on the ends of the samples, a certain amount of end re- 
straint is indicated in some of the tests. In other samples the end sta- 
tions showed as much creep as any of the inside stations. 

Stopping the lead press during extrusion affects the heat treatment 
of the sheath. The normal fine-grained structure produced by the ex- 
trusion process and retained by the quenching process is lost when the 
press is stopped, since the heat from the press warms up the sheath and 
grain growth takes place. The recrystallized zone of large grains has 
more creep resistance than the normally produced sheath but is lower 
in ductility, and ultimate failure takes place in the regions of the large 
erains under relatively low stress conditions. The area under the charge 
ring or press-stop mark contains a structure of smaller grains produced 
by forcing a somewhat cooled metal out of the die block. The greater 
extrusion pressure and rapid cooling produces the fine-grained struc- 
ture. The finer-grained area tends to creep more rapidly than the large- 
erained area under the low stresses prevailing in the internal pressure 
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TABLE 4 
Sueatus Testep UnpEerR INTERNAL Or PRESSURE 
pproxtanmte Outside eer v = di 
Sheath Chemical Diameter, |(Nominal), fa pratt Test Rack Remarks 
Composition Inches Inches 
Tests at Room Temperature 
J Common Desil- 2% %64 IV May 20, 1931 | Failed Sept. 1944 
verized Lead A 
7 Common Desil- 3 530 I Jan. 23, 1937 | Still under test 
verized Lead A i 
nN Common Desil- 3 964 Vv Jan. 23, 1937 | Still under test 
verized Lead A 3 
2C Copper Lead 2% 964 VII June 15, 1936 | Still under test 
2G Copper Lead 27% 942 VIL April 23, 1936 | Still under test 
0 0.04 % Calcium 25% 464 II Feb. 28, 1935 | Removed from rack 
Lead Oct. 10, 1944 
28N | 0.03 % Calcium- | 22464 864 Vv May 22, 1939 | Increased to 40 p.s.i. 
Type Lead | internal pressure 
Feb. 14, 1945 
C-139 | 0.02 % Calcium- 238 ly V March 28, 1941! Increased to 40 p.s.i. 
Type Lead internal pressure 
Feb. 14, 1945 
C-192 | Arsenical Lead 21540 864 I Feb. 15, 1943 | Increased to 40 p.s.i. 
internal pressure 
Feb. 14, 1945 
C-331 | Arsenical Lead 2732 564 I Oct. 3, 1944 Increased to 40 p.s.i. 
internal pressure 
Feb. 14, 1945 
Sheaths Tested Under Alternate Cycles of Internal Pressure 28.84 p.s.i. 
and 15 in. of Mercury Vacuum at 110 deg. F. 
C-302 | Common Desil- 217g 964 IV Jan. 25, 1943 | Placed under 25 p.s.i. 
verized Lead A steady internal 
pressure at 150° F. 
April 10, 1945 
C-296 | Chemical Lead 21380 964 IV Feb, 2, 1943 Placed under 25 p.s.i. 
steady internal 
pressure at 150° F, 
April 10, 1945 
C-299 | Copper Lead 22364 964 li Dec. 29, 1943 | Placed under 25 p.s.i. 
steady internal 
pressure at 150° F. 
April 10, 1945 
C-297 | 0.02% Calcium- 22564 864 V Jan. 8, 1943 Placed under 40 p.s.i. 
Type Lead steady internal 
pressure at 150° F. 
April 10, 1945; 
Failed July 17, 1945 
25N 0.03% Calcium- 22764 564 WV; Feb. 2, 1943 Removed from test 
Type Lead April 10, 1945 
Tests at 150 Deg 
C-296 | Chemical Lead 21389 %Ga IV April 12, 1945 | Still under test 
2G Copper Lead 278 Sho VII April 12, 1945 | Still under test 
C-331 | Arsenical Lead 2742 864 I April 12, 1945 | Still under test 
C-389 | Arsenical Lead 2140 S64 I April 12, 1945 | Still under test 
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tests. Station 5 of the common desilverized lead A, sample J, tested 
at 78 deg. F., was in a large-grained area near a press mark. Station 2 
of the arsenical lead sample, C-331, tested at 150 deg. F., was also near 
a press mark. Both these stations had considerably less creep than 
the other stations on these sheaths. 

Out-of-roundness, dents, and extrusion marks may cause areas of 
localized stress which would affect the creep resistance greatly at 
different points in the sheath. Initial out-of-roundness of the sheath 
samples may affect the dial micrometer gage readings in these tests, 
indicating a change in shape or roundness and not an actual change in 
diameter, Charge welds, and resulting grain structures, would also give 
different creep test results for the station. A varying rate of extrusion 
would affect the amount of work hardening (except of alloys showing 
elongated grains) and also the quenching rate, with a consequent 
change in grain structure, orientation, and strain hardness retained by 
the sheath before being tested by internal pressure. Uneven die block 
temperature causes eccentric sheath and uneven work hardening of the 
lead. Both factors cause erratic creep test results. 

These facts also affect somewhat the creep test results on strip 
specimens. The strip creep specimens were cut longitudinally from the 
sheath and only a small part of the sheath diameter was used for these 
specimens, so that variations in thickness were at a minimum. Only 
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sheathing material of uniform grain structure free from welds was used. 
Hence, more uniform testing conditions prevailed in the strip tests than 
in the test of cylinders, and as a result the data show less scatter. 

In order to compare the creep of sheath under internal pressure with 
that of strip loaded with a tensile stress equal to the hoop stress of the 
sheath, 10-in. specimens were cut from the same sheathing material 
and loaded in the creep racks. The hoop stress of the sheath was de- 
termined by the thin-walled-cylinder formula S = PD/2t, where P = 
internal pressure in p.s.i., D = internal sheath diameter, and 7 = the 
thickness of the sheath in inches. In most cases the strip specimen had 
a greater total creep than the sheath specimen. At 150 deg. F. the ten- 
sile specimens of arsenical lead, C-331, had practically the same creep 
resistance as the sheath. At this temperature the chemical lead speci- 
men also agreed with the creep of the sheath of chemical lead, C-296. 
On the other hand, the tensile specimen designated as 4 shows more 
resistance to creep than the sheath in the first year of test. 

The comparison between the strip creep test results and the sheath 
creep test results was not so close for some sheathing materials. If a 
uniform grain structure prevailed throughout the sheath, the biaxial 
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state of stress in the sheath would have tended to reduce the creep 
and expansion necessary for fracture of the sheath to less than that 
obtained in the strip tests. Unfortunately some lead sheathing tested 
received such treatment during fabrication as to give it a duplex grain 
structure. This treatment was severe enough in some cases to overcome 
the biaxial stress effect. 

The extrusion process tends to produce a striated structure in the 
sheath, giving grains elongated in the direction of extrusion. The cross- 
section of a longitudinal specimen has a finer grain structure and hence 
will creep more at relatively low stresses than the sheath which has 
a somewhat larger structure normal to the circumferential stress. In 
the strip specimen, more of the grain boundary area has to resist the 
stress, and as creep at low stresses consists mostly of flow at the grain 
boundaries more creep is obtained in the strip specimens for a given 
stress. In the sheath the plane normal to the circumferential stress has 
less grain boundary area and as a result has more resistance to creep. 
However, the elongation at fracture is greater for the strip specimen 
because more slip within the grains can take place due to grains being 
previously elongated in the direction of extension. 

The tendency fer pure lead to recrystallize and coalesce near room 
temperature would remove the striated structure acquired in extrusion. 
The sheathing materials with higher alloying content would retain 
more of the striated structure, especially those containing arsenic and 
ealcrum, which because of an increase in the recrystallization tempera- 
ture greatly retard recrystallization of lead. This fact substantiates 
the discrepancies in the creep of sheath and longitudinal strip speci- 
mens of the calcium alloys. In the common desilverized lead A, where 
recrystallization more readily takes place at room temperature, the 
difference between the two tests is not so great. The arsenical lead, 
C-389, had a marked elongation of the grains in the direction of ex- 
trusion. In this material the creep of the strip specimen greatly ex- 
ceeded that of the sheath. 

The sheath sample tests under internal pressure rated the sheathing 
material in the same order of merit as did the strip creep tests. The 
ealctum sheaths with cable inside had high creep resistance as com- 
pared with the softer lead alloys, the 0.03-per cent calcium type sheath 
being slightly better than the 0.02-per cent. The 0.04-per cent ealeium 
sheath, 6, was a hollow pipe which may have rounded out somewhat 
at the beginning of the test and thus have affected the first stage of 
creep. However, sheath @ shows very good creep resistance after the 
first stage. The creep resistance of the arsenical sheath sample, C-331, 
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is definitely better than that of the copper leads at room temperature. 
The copper lead shows a considerable range in creep resistance, since 
sheath sample 2C expanded more than twice as much as sample 2G. 
The fact that 2G has more silver, copper, and bismuth may account 
for this superior creep resistance. The spread in the creep resistance 
of the common desilverized lead A samples is greater. Sample 2» ex- 
panded nearly six times as much as sample z in the same test period, 
under conditions which were almost identical except that the hoop 
stress was 43 p.s.i. higher in ». This difference in stress would be 
expected to cause a 2-to-1 difference in rate of expansion. The common 
desilverized lead A sheath, samples J and A, compares very well in creep 
resistance, both samples having much less resistance than the materials 
of higher alloy content. Sheath sample J, with a slightly lower hoop 
stress, has less creep resistance. Sheath sample A has a slightly larger 
grain structure, which is more resistant to creep. Sheath J contained 
more silver, copper, and antimony than sheath X, but the larger grain 
structure in A overcame the advantage of the slight alloy content. 

Sheath sample J failed after 1334 yr., with an average expansion 
of 4.008 per cent. The maximum expansion was 5.848 per cent, at sta- 
tion 2. The failure occurred, however, at station 5, where the expansion 
was only 1.286 per cent. The point of failure was about 44 in. from a 
charge ring or press-stop mark. When the metal was etched, and ex- 
amined under the microscope, no inclusions of defective structures were 
found near the failure. The duplexed grain structure resulting from 
stopping the lead press affected the strength and the ductility of this 
sheath. 

The superiority of the arsenical leads over chemical lead in creep 
resistance did not appear in two tests at 150 deg. F. with from 303 to 
345 p.s.i. stress. The arsenical lead sheaths, C-331 and C-389, are ex- 
panding more rapidly than the chemical lead sheath, C-296. The 
arsenical leads at 40 p.s.i. internal pressure at 150 deg. F. are show- 
ing a steadily increasing creep rate. The stress and temperature are 
high enough to overcome the strain-hardening effect noted in the 
arsenical lead in the tests at room temperature. This alloy seems to 
have lost some of its strength at 150 deg. F. A loss of the strength due 
to a decrease in the amount of arsenic in solution or cverageing of the 
precipitated phase at the higher temperature is considered by one 
authority to be a probable cause of this loss of strength at the higher 
temperature. The superior ductility of the arsenical lead under long- 
continued steady load may enable this material to withstand the in- 
ternal pressure longer at 150 deg. F. than does the chemical lead. 
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In the 150 deg. F. internal pressure tests of sheaths C-296, C-331, 
C-389, and 2G, a diameter tape was used to check the dial micrometer 
readings. In every case the diameter tape readings give a slightly 
higher per cent increase in diameter. This indicates some restraint on 
the expansion of the sheath due to the sweated-on micrometer ball 
points. The diameter tape is sensitive only to a 0.01-in. increase in 
diameter, and the dial micrometer gage to 0.0001. Since the diameter 
tape does not hug the sheath very closely, its readings tend to be a 
little larger than those of the dial micrometer gage. 

All the sheath samples tested at room temperature, except sheath 
J, show some strain hardening after several hundred days of test. 
Sheaths z and A seem to be increasing in creep rate after 2600 days 
of continuous internal pressure. 

The arsenical lead alloys, C-192 and C-331, and the calcium-type 
alloys, C-139 and 2SN, had their internal pressure increased to 40 
p.s.. in February, 1945. These sheath samples have been under a 
25-p.s.1. internal pressure at an average temperature of 78 deg. F. for 
various lengths of time. All these sheaths seem to be going through 
another first stage of creep, and are showing additional strain hard- 
ening, as they did when under the lower pressure. None of the sheath 
samples, however, is showing as much creep as did the corresponding 
strip specimen at the higher stress. This fact would indicate consider- 
able strain hardening at the lower stress. 
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IV. Creer or Casper SHeatainc Unper ALTERNATE CYCLES 
OF INTERNAL PRESSURE AND VACUUM 


10. Sheathing Tested, and Apparatus Used, for Cyclic Loading with 
Internal Pressure and Vacuwm.— The sheathing of high-voltage elec- 
tric cable is seldom subjected to very high internal pressure for any 
great length of time. The pressure builds up rather rapidly when the 
electrical load is increased, and the rate of rise gradually diminishes 
as the sheath expands. When the load decreases, the pressure de- 
creases sharply, and during the time of no electrical loads or of low 
ones a vacuum forms within the sheaths. In order to study the effect 
of this changing load cycle upon the creep of sheath, 5-ft. samples of 
cable with sheaths of a calcium-type lead alloy, chemical lead, copper 
lead, and common desilverized lead A were maintained at 110 deg. F. 
and subjected to a cycle of 28.84 p.s.i. internal pressure followed by a 
vacuum cycle of 15 in. of mercury. The internal pressure period was 
maintained for 8 hr. a day for four consecutive days weekly, each 
such period being followed by a rest period of 4 hr. of zero pressure 
and by 12 hr. of vacuum. On the fifth day the pressure period was left 
on until the next morning, a period of 24 hr. After a 4-hr. rest period 
of zero pressure the vacuum cycle was on the sheath for 44 hr.; the 
period was then repeated. The sheaths were therefore under an internal 
pressure of 28.84 p.s.i. for 56 hr. a week, or one-third of the test time. 

The sheath samples, containing cable, were placed in horizontal 
steel pipes whose ends were wiped to the sheaths, the steel pipes being 
large enough in internal diameter to allow for 5 per cent expansion 
of the sheaths. The unrestricted length of the test samples was 4 ft. 
Graduated glass tubes of 0.414 in. internal diameter were protruded 
upward through holes in the steel pipes, and the area between the 
sheath and the pipe was filled with oil degased in place. The expan- 
sion of the sheaths forced the oil higher in the glass tubes, where the 
expansion of the sheaths was noted. The system was sensitive enough 
to measure the change in volume of the sheaths due to changing from 
internal pressure to vacuum. 


11. Test Results of Cyclic Loading Tests of Sheaths.— Figure 18 
shows the results for the five samples tested. Since all samples were 
portions of commercial cable and were slightly out of round, con- 
siderable volume change took place during the early part of the tests; 
indeed, one sample of 0.02 per cent calcium-type lead, C-297, never 
regained its initial volume during nearly two years of test. None of 
the sheaths increased in volume during the test as much as did similar 


54 ILLINOIS ENGINEERING EXPERIMENT STATION 


0.04 Sheaths Under Cyclic Loading of 
, 28.84 Ib. per sg. in. Internal Pressure 
and 15 Inches of (fercury Vacuum 


| = — 

C-297, 002% Ca, Calcium Type Lead 
-0.04 NE Gi CUT CREDTICU A STGESS: 
258 |b. per sq. 1/7. 


| 
0.04 25N,, 003% Ca, Calcivin Type Lead 
i Circumferential Stress 266 1b. per sq. Ir. 


~ 
S 


= 
C-296, Chemica/ Lead 


Crreumferertial Stress 
230 bo. per sq. It?. 


SS 
8 


T | T T 
C-299, Copoer Lead 
06 Circumferential Stress 


Charge tre Diatneter lta Fer Cert 
Ss 
S 
aN 


T as sal T = = = 
C-302, Common Desilverized Lead A 


| Circuimrerential Stress + 
244 10. per Sq. irr. 
0.08 { ; ‘ 


0.04 


Z S, ref qd oy 6 1 
Time in Hundreds of Days 


Fig. 18. Creep-Time DrAcrams ror C-297, 0.02-per cent Catctum-Typr Leap: 
— “a , 7 
C-302, Common Desitvertzep Leap; 2SN,, 0.03-per cent CatctumM-TyYpE 
Leap; C-296, CuemicaL Leap; anp C-299, Copper Leap — ALL 
Unperr Cycuic Pressurs-Vacuum LoaDING 


BUL. 378. CREEP, FRACTURE, AND BENDING OF LEAD ALLOYS I5Y5) 


TABLE 5 


=) 
ae OF PressurE-VacuuM SHEATH SAMPLES, SrmMiLtar SHEATH SAMPLES 
NDER STEADY PRESSURE, AND CORRESPONDING TENSILE SPECIMENS 


Br Ul At 110° F. Expansion Elongation 
; Stress, St po Expansion of Sheath of Tensile 
Material Steady S : 
f Mansile _ of Sheath at Room Specimen 
Ds Sirese in Per Cent, | Temperature, | in Per Cent, 
Press.-Vac. | Steady Press. at-110° Fy 
C-302 Common Desilverized 
HhenGduA saree seh ek. 244 5 120 0.112 0.375 1.16 
C-297 0.02% Calcium-Type 
NG Ls Sen At Cee Oe ae | 258 5 270 —0.092 0.03 0.06 
2Sn4 0.03% Calcium-Type Lead 265 5 O80 0.017 0.01 0.048 
C-296 Chemical Lead.........| 2380 5 080 0.092 0.187 0.27 
C-299 Copper Lead.......... 220 | 5 350 0.10 0.187 0.53 
| 


sheaths under 25 p.s.i. continuous internal pressure at room tempera- 
ture for one-third of the test period, an equal time under pressure. The 
recovery of the sheaths during the rest and vacuum cycles greatly 
reduced their expansion. Table 5 compares the expansion of the pres- 
sure vacuum sheath sample and the expansion of sheath samples under 
steady internal pressure at room temperature with the same time under 
pressure. The elongations of corresponding strip specimens are given 
for steady tensile stress at 110 deg. F. The room temperature sheath 
sample of 2SN was the only one which did not expand more rapidly 
than the pressure-vacuum sample at a higher stress and temperature. 

As may be expected, the calcium-type sheaths had the highest 
creep resistance and the 0.02 per cent calcium-type sheath, C-297, had 
slightly more resistance than the 0.03 per cent calcium-type sheath, 
2SN. The chemical lead sheath, C-296, and the copper lead sheath, 
C-289, had about equal creep resistance, which was considerably less 
than that of the caleium-type alloys. The common desilverized lead A 
sample, C-302A, showed a definite increase in volume from the start 
of the test and continued to creep more rapidly than the copper alloys. 

All the sheath samples expanded rapidly when the pressure was 
applied in each cycle, and continued to expand at a decreasing rate. A 
rapid decrease in volume was found when the pressure was released, 
and creep recovery, decreasing in amount, was noted during the zero 
pressure period. In the vacuum period another rapid decrease in volume 
took place, decreasing in rate with time. The decrease in volume during 
the vacuum period was not as large as that at the release of pressure 
at the start of the zero pressure period. Figure 19 shows the data for 


one week of testing. 
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12. Creep of Cable Sheathing Under Internal Pressure After Being 
Subjected to Cyclic Pressure and Vacwwm Tests. — After a few weeks’ 
rest from the pressure-vacuum tests the sheath samples of common 
desilverized lead A, C-302, copper, C-299, and the chemical lead, 
C-296, were subjected to a steady internal pressure of 25 p.s.i. at 150 
deg. F. The expansion of these sheaths was measured by the displace- 
ment method described above. The chemical lead sample, C-296 (see 
Fig. 20), is now expanding at about the same rate as the elongation 
of the strip specimen of chemical lead with a tensile stress equal to the 
hoop stress in the sheaths as figured by the thin-cylinder formula. The 
copper lead sample is expanding a little less than the chemical lead 
sample. 

The common desilverized lead A sample, C-302, after erratic action 
in the early part of the steady load test is now expanding at a rate con- 
siderably below the elongation of the strip specimen of similar material. 
The 0.02 per cent calcium-type sample, C-297, failed with very little 
expansion after 1700 hr. of steady internal pressure of 40 p.s.i. The 
failure was definitely intercrystalline. The sample was found to have 
expanded 0.2083 per cent on the average of 20 micrometer readings 
symmetrically spaced along the test length. The displacement method 
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gave an expansion of 0.085 per cent in diameter — not a very good 
agreement. At the point of failure the sheath had a diameter of 
2.357 in., whereas the average diameter of the sheath after failure, as 
given by the 20 readings, was 2.381 in. 
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V. Tensite STRENGTH AND DvucriLiry oF CABLE SHEATH 
Merau UNper STEADY Loap 


13. Test Specimens and Testing Machines Used. — The specimens 
and testing machines used in the fracture tests reported here are fully 
described in Bulletin 347. The specimens were 4%4 in. long, with a 
critical section 2 in. long and %4 in. wide. The thickness of the speci- 
men is the thickness of the sheath. The critical section is marked off in 
1%4-in. gage lengths in order to determine the maximum elongation 
after fracture in the 1-in. gage length in which failure occurred. Be- 
fore the specimens were made, the sheathing was etched to determine 
the structure and weld area. Unless the test results are indicated as 
from tests of welds the specimens were free from welds in the critical 
section. The specimens were cut longitudinally and transversely from 
the sheathing as indicated on the curves. Little difference was found 
in the strength test results between longitudinal-and transverse tests, 
but the longitudinal tests gave higher values for ductility. 

The testing machines were operated at room temperature, which 
averaged 78 deg. F., and at 110 deg. F. The specimens were loaded 
directly with dead weights, and in the tests that failed in less than 
168 hr. the time was automatically recorded with clocks. 


14. Test Data of Long-Time Tensile Tests. — Figures 21-24 show 
the test results of long-time tensile tests of strips cut from cable 
sheaths. A semi-logarithmic plotting was used, since this gave a more 
nearly straight-line relationship between tensile stress and hours for 
fracture than either cartesian or log-log plots. In these diagrams, L 
stands for longitudinally cut specimens from flattened sheathing, and 
T for transversely cut specimens. 

The superior short-time strength of the caletum and antimony lead 
alloys is evident. The strength of these materials manifestly tends to 
approach that of the commercially pure leads toward the lower stresses, 
where the time for fracture is increased. For most of the tests com- 
pleted, the arsenical lead alloys show greater strength than the chemi- 
cal leads throughout the range of stress. The antimony-tin-lead alloy, 
C-411, has great strength in the short-time tests, but decreases in 
strength rapidly as the time for failure is increased. The chemical lead 
has greater strength in the short-time tests than the copper lead, but 
tends to approach the copper lead as the time for failure is increased. 

In Bulletin 347 the formula S= 8S, (1 —c log t) was developed 
to estimate the life of sheathing materials to extended periods of time 
on the basis of tests of 100 to 1000 hr. in duration. S denotes the stress 
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in p.s.1. that the material will stand for time t. S, and c are constants 
of the material in question. S; may be regarded as the tensile strength 
for 1 hr. under steady load. The formula does not permit a wholly 
exact prediction of the strength of these materials, since some ageing 
and strain hardening is taking place in all of them. 

Table 6 gives a comparison between the values of the constants S, 
and c based on 100-hr. and 1000-hr. data given in Bulletin 347 and the 
values based on 1000-hr. and 10,000-hr. data from the tests that have 
continued past 10,000 hr. The expected 30-year strength is given for 
both test periods 
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The strain hardening of the common desilverized leads, copper 
leads and corroding lead under low stress has increased their strength- 
life expectancy. The ageing of the calcium-type alloys with magnesium, 
and of the antimony alloy, reduces their strength-life expectancy. 

The ductility of some of the calcium type alloys is very low as 
measured by the maximum elongation in 1 in. after failure, whereas in 
other calcium alloys the elongations after failure were from 20 to 28 
per cent for tests running more than 10,000 hr. The alloys, C-297, 
2SN, and 2S — with 0.02-0.03 per cent calcium, 0.014—0.016 per cent 
magnesium, and about 0.25 per cent tin— are very low in ductility, 
showing less than 10 per cent elongation to fracture in the short-time 
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TABLE 6 
VALuES or ConsTANTS S} AND ¢, AND TENSILE STRENGTH FOR 30 YEARS, 
Room TEMPERATURE TESTS 


In equation S = Si (1 — ¢ log t), S denotes the tensile strength p.s.i. for the time ¢ (hours) 
under steady tensile stress; Si: and c¢ are constants determined from the values given by test 


results for S at 100 hr. and S at 1000 hr. 


Values from 1000-hr. Test Se 
S for S for 
30 Years, 30 Years, 
Material Si c by Si c by 
formula | formula 
DV Corrodinge Wedd Myr ster sean arr | 850 | OPELTT 307 850 0.1177 307 
a Desilverized Lead A............-- | 1320 0.159 181 | 1300 0.154 | 215 
2G Copper Wend. sie snes rots areca 1920 | 0.174 108 | 1880 0.1515 336 
2C Copper Lead) ya a2 kisser re / 1870 0.166 187 1840 0.1909 | 351 
PA has] Uae aR On Bee DI CDG Oe | 2760 | 0.174 155 2960 0.1825 32 
DE OE ST Yar Caine a snsielcterde © ae ee eine eee 3500 | 0.186 | 0 3300 0.1741 186 
2P—0.03% Ca. SENN eet BR? 2800 | 0.143 627 | 3380 0.1688 288 
2SL—0.03% Ca. 0.014% Mg.*.....> 3720 | 0.164 | 409 | 3630 0.1625 434 
2SNT—0.03% Ca. 0.014% Me.*.... | 3580 0.165 | 376 | 2895 0.1884 0 
| | 


= Tt may be noted that specimens from sheath 2SL are longitudinal specimens, while specimens 
from sheath 2SNT are transverse specimens. 


tests. The 0.01 per cent calcium-type lead alloy, L-657, with 0.009 per 
cent magnesium, has very good ductility in the short-time tests, but 
decreasing ductility as time to fracture is increased. Three of the 
arsenical lead alloys maintained a ductility of 29-35 per cent very 
well during the test, failures occurring within 10,000 hr. The antimony- 
lead alloy, 2KL, although its ductility steadily decreased, still has 21 
per cent for a 20,000-hr. failure. The chemical lead, C-361, has fairly 
constant ductility in tests under 1000 hr. The acid lead sheath, C-298, 
maintained good ductility throughout the tests, and especially after 
10,000 hr. This material contains only 0.017 per cent bismuth. The 
copper lead alloy, C-299, with 0.074 per cent bismuth, had decreasing 
ductility as the time for fracture increased —8 per cent in 10,000 hr. 
The common desilverized lead A has rather low ductility in transverse 
specimens. The corroding lead with copper added, 2V, has very good 
ductility throughout the test range, 10 to 36,000 hr. This material is 
low in bismuth. 

The arsenical leads, however, with 0.012-0.097 per cent bismuth 
and 0.09-0.28 per cent tin, have maintained 29 per cent ductility 
throughout the tests to 10,000 hr. The sheath, C-331, had knife-edge 
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failures up to and including 9500 hr. The tin-antimony lead alloy, 
C-411, had an intercrystalline type of failure after 4459 hr. This 
material contains 0.024 per cent bismuth, 0.36 per cent tin, and 0.32 
per cent antimony. 0.16—0.26 per cent arsenic tends to retard segrega- 
tion and refines the grain structure, thus increasing the strength at 
higher stresses and increasing the ductility for lower stresses. 

A probable reason why the antimony-lead material has considerable 
strength in the short-time tests and is little stronger than the purer 
grades of lead at low stresses is that antimony tends to segregate at 
the grain boundaries in time under stress.) Deformation under high 
stress in lead is predominately slip within the grains, and the antimony 
particles, if finely dispersed, form a mechanical lock in the slip planes. 
With low stress conditions, however, the antimony tends to segregate in 
time to the grain boundaries, which promotes grain boundary separa- 
tion and hence hastens failure. The loss of ductility of antimonial lead 
under low stress conditions is partly due to this segregation. 

Tin, like antimony, has an effect on lead similar to the dispersion 
or age hardening in other alloys.’ Under higher stress conditions the 
mechanical keying of the tin is beneficial in resisting deformation. 
Under low stress, however, the tin segregates in time at the grain 
boundaries and hence reduces the strength and ductility of the 
material. 

The ageing of the calcium and magnesium alloys greatly reduces 
their ductility. The dispersion hardening of the calcium alloys gives 
them great short-time strength, but the intergranular corrosion of the 
alloys containing more than 0.01 per cent magnesium greatly reduces 
the ductility of the alloys. 

The action of copper in lead seems to be mechanical." Finely 
dispersed copper particles tend to retard slip and thus increase the 
strength of the lead. The presence of copper does not decrease the 
ductility of lead in the long-time tests. 

Bismuth increases the strength of lead slightly for the higher 
stresses, but when grain separation rather than slip becomes the pre- 
dominant characteristic of failure the presence of bismuth is detri- 
mental. Bismuth in amounts near 0.1 per cent increases slightly the 
strength and creep resistance of lead but reduces its ductility for 
lower stresses. The tests at stresses of 400 p.s.i. indicated a loss of both 
strength and ductility for the higher bismuth leads. Bismuth in the 
range of 0.01 to 0.1 per cent, added to lead containing 0.04-0.07 per 
cent copper, may reduce the solubility of copper in lead, thus reducing 
the strength and ductility under low stress condition with a surplus of 
copper at the grain boundaries. 
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Arsenic greatly refines the grain structure in lead. Arsenic forms 
a compound, Sn, Ass, with tin which probably serves as numerous 
nuclei of crystallization around which the lead precipitates, thus pro- 
ducing a fine-grain structure. The quenching of the sheath at the lead 
press gives a supersaturated solution of arsenic in lead which upon 
ageing increased the strength of the lead at low stresses. However, 
at 150 deg. F. and under high stress conditions some overageing may 
take place, with a consequent reduction in creep strength. 


15. Significance of the Loss of Ductility in the Stress-Rupture 
Tests. — The tendency of the ductility of some of the alloys and the 
very pure lead to decrease as the time for fracture is increased is very 
serious. Since 100,000 hr. would be a relatively short life for an under- 
ground power cable, this low ductility in 10,000 hr. of test would 
greatly reduce the effectiveness of many of these sheathing materials. 
The cable sample, J, of common desilverized lead A, failed with an 
expansion of only 1.286 per cent; the 0.02 per cent calcium-type lead 
sample failed with only 0.208 per cent. The high ductility developed by 
some of the alloys in short-time tests may be of little value and may 
lead to an exaggerated estimate of their worth as sheathing material. 
Figure 22 shows that the strength of a sheath may be predicted more 
accurately than the ductility as shown in Fig. 23. 
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VI. Repeatep-BEenpDING TESTS ON SPECIMENS CUT 
FROM CABLE SHEATHING 


16. Previous Low-Frequency Tests on Bending of Strip Specimens. 
— Pages 42-45 of Bulletin 347 give the results of repeated-bending 
tests of specimen strips cut from cable sheathing. These bending tests 
showed a marked diminution of number of cycles of repeated strain 
for fracture as the frequency of cycles of strain was reduced. The 
slowest rate of applying cycles of bending used was 1 cycle per min., 
which on the strain-frequency diagram showed a steeper dropping off 
at that frequency than at any higher frequency applied in the tests. 
This finding made it seem desirable to run a series of tests using still 
lower frequencies, in order to obtain further information on the extra- 
polation of laboratory results to service conditions, where the bending 
cycle is usually 24 hr. For this purpose two testing machines have been 
designed and built, in each of which six specimens are tested at a time. 
In the tests reported in Bulletin 347 cantilever specimens were used, 
and as the lead alloys tested did not follow Hooke’s law (stress pro- 
portional to strain) the computation of surface strain was, at best, 
a fair approximation. 


17. Apparatus Used in Present Bend Tests of Strip Specimens. — 
The machine designed for the slow bending tests of the strips the 
specimen is a simple beam loaded at two symmetrical points along 
its span. In such a specimen the strain can be computed more accu- 
rately than in a cantilever specimen. A discussion of the theory in- 
volved in the computing of the strain in a flat, thin specimen loaded 
as a beam at two symmetrical points along its span is given in Ap- 
pendix B. One of the testing machines used for bending tests of 
strips is shown in Fig. 25. The four chucks, A, B, C, and D, gripping 
the specimens are pivoted to the supporting arms, E and G, and push 
rods, L and K. The supporting arms and one push rod, K, have ad- 
ditional pivots which allow the specimen .to bend without restraint 
from the chucks. The push rod L, with only one pivot, maintains the 
specimen in its original position until failure. Then the fully pivoted 
end falls over, and the ratchet-operated counter, b, no longer registers, 
due to the disengagement of rod a, which actuates the counter when 
the specimen is intact. 

The push rods that flex the specimen are actuated by a crossbar, 
M, whose stroke is governed by the spacing of two round nuts, N, 
and Nz, on the driving rod, P. The driving rods are fastened to a bar 
running the length of the machine, which has a fixed stroke determined 
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Fic. 25. Strip BENDING MACHINES, AND SPECIMEN, FOR STUDYING 
Errect oF VARYING FREQUENCY OF CYCLES OF STRESS 


by a bell crank, Q, connected to a worm and gear drive by connecting 
rod, R. This drive is coupled to a quick-change transmission by means 
of which testing cycles of one a minute, one in ten minutes, and one 
an hour may be used. 

The machines are mounted in ovens in which temperatures of 110 
deg. F. or 150 deg. F. may be maintained; or the ovens may be left 
open so that the specimens are at room temperature, which averages 
about 78 deg. F. Six specimens are tested at a time in each of two 
machines. Total strains at the outer surfaces of the specimens of 0.3, 
0.4, and 0.5 per cent (+ 0.15, + 0.2, and + 0.25 per cent) are used 
because these are approximately the strains commonly met in service 
in the sheathing of cables in the manholes on account of a daily move- 
ment due to longitudinal expansion and contraction with temperature 
changes, While the machine is running, the strains in the strip speci- 
mens are adjusted with a 2-in. radius of curvature gage as described 
in Appendix B. Since the specimen (Fig. 25) is unpolished, being 
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taken from the sheathing and having its original thickness and surface 
irregularities, some scatter is apparent in the test results, These results, 
however, seem sufficiently accurate to permit classification of the rela- 
tive resistance of the various materials to bending. 


18. Strip Bend Test Results. — The tendency — pointed out in 
Bulletin 347 for higher rates of strain—for the number of cycles 
necessary to cause fracture to decrease as the length of cycle is 
increased for a given strain is evident in these tests also. Since, in 
order to produce this amount of strain in each cycle, the stresses are 
necessarily very high in the specimens, considerable creep takes place. 
As the rate of strain is decreased or the time per cycle is increased, 
more creep per cycle takes place, thus greatly decreasing the number 
of cycles necessary to cause failure. However, because the elapsed time 
for failure is increased with the slower stress cycle, stress corrosion 
becomes more of a factor in decreasing the bending resistance. The 
tests run at temperatures of 110 deg. F. and 150 deg. F. show a further 
reduction in number of cycles necessary to produce fracture for a given 
strain as the temperature is increased. There is also, regardless of the 
amount of strain, a tendency for the specimens to fail with more 
nearly the same number of cycles as the rate of strain is decreased 
or the temperature is increased. This is shown in 1-hr.-cycle tests of 
chemical lead, C-361, at room temperature, and in the 150-deg.-F., 
10-min.-cycle tests of the arsenical lead, C-389. Table 7 shows the re- 
sults of the strip bend tests in condensed form. 

In resistance to bending, the arsenical leads, C-331, C-389, and 
©-417, have a marked superiority over the chemical leads, C-296 and 
C-361. The low tin-antimony lead alloy, C-411, also has very good 
resistance to bending. Most of the copper leads have about the same 
resistance as the chemical leads. Not enough tests have been run to 
determine the most desirable copper content from the standpoint of 
bending resistance. The only caleium-type alloy tested, C-297, with 
0.02 per cent calcium, had good bending resistance, especially at the 
0.3 per cent total strain. This alloy, however, is low in ductility for 
higher strains. 
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TABLE 7 
SuMMARY oF Strip Benp Tests AT RooM TEMPERATURE 


Cycles for Failure 


Total 
Material Strain, 
1-Minute 10-Minute 1-Hour 
Per Cent Cycles Cycles Cycles 
Ghemiucal eade'@-296m sian erect tere een iment O25: 6-612 We cette eee 
0.4 10: 366.35 i Sener 
0.3 14 606 9:.712° | eee 
@hemicalilieadts C23 Ollmeieteon eerie etetens etenirereete 0.5 6 847 4 919 3 147 
0.5 YA GA See melee S55 ar 
0.5 O¥42) = ASE ee hae 
0.4 9 605 8 542 4 257 
0.3 10.502 FP" ea os eee 
0.3 12 013 9 500 3 843 
Copper Lead—High Bismuth: C-299—0.048% Cu. 
(SO ECS eee cine oh eiciocr aceon ase hee 0.5 5 438 2 #36 7 ly Beer 
O35 | eee 2) Sie ees 
Ono w AN tea Jat aletete 24872 | Vee 
0.4 7 261 TR 247™ he fee 
OFS pe ee ae 3S 7446 | Grae 
0.3 8 125 4980... 5 
Copper Lead: C-410—0.054% Cu............... 0.5 10 22") Seo) a eee 
0.4 10; 673% UW) septs OO ee eee 
0.3 BS 270 A Ek oo ee eee 
2E=—OOADA Gs I Oiitreh a seus tore ae tea etree een 0.5 KL OfS. |) us es 2 667 
0.4 10 ‘79495 Pin See 4 054 
0.3 TSE TS Ay ees ee 4 545 
Acid Lead: C-298—0.053% Cu., 0.017 Bi........ 0.5 5 654 £920 “Th. Leone 
OLo>, TF 'steaas 2 S04. hy WE ae 
| 0.4 8 538 Dy 5O0% | ane 
O46 I Speke 2 O05 sae me 
Be ee a ee BS 2 S80. 4. ae 
0.3 9 033 5614 Oot Pie 
Common Desilverized Lead A: X............... 0.5 E GOD) — si) tee ae ce I Meer 
0.4 T2085 Ty” Beas i eee 
0.3 9.929 “mT P eae 1) ee eter 
020295) Cas OL016 Soe Mic) C20 tee see eee | 0.5 9 379 40415 16 ed Poe 
| 0.4 11 116 S662" of. tana 
| 0.3 19 900 9: DCO Gl) sete 
Arsenical Lead: C-331...........sesceeeeecee. foe ale 16-794 10 017 4 630 
| 0.4 26 863 11 970 5 035 
| 0.3 45 921 22 937 9 035 
Arsenicall leads (O-389). 4.6%. ov canna deere cet O25 16 258 Le O72 0 A eee 
0.4 16 893 16 (Si ee sere 
} 0.3 34 852 PA yy fle AP eS Ses 
Copper ead yaGr400: ctn.< atc sis cet Rote Serere cates | 025 Oy SO4- 5 Fe wen 
| 0.4 12 624: "oe 
0.3 12) 892") ae Ce | ae eee 
Tin-Antimony-Lead: C-411................... 0.5 L3 0263 )5 0a) ere en | 
0.4 16 460 ie 
0.3 
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TABLE 7 (CoNcLUDED) 
SuMMARY oF Strip Benp Tests at 110 Dra. F. Anp 150 Dua. F. 


Total Cycles for Failure 
Material Strain, 
Per C 1-Minute | 10-Minute 1-Hour 
pLcert Cycles Cycles Cycles 


Arsenal beads (CASSOr ty saa ceieikieas site ks 0.5 9 367 SAI = uso. 
0.4 17 402 LO ae atl) Pe seiteccks 
0.3 26 C447 Teer ew Met Orne 
COOH SUT aie ies i Rit oe 2 Loe a dee eae er | 0.5 9 451 EE COO SDD een 
0.4 8 800 NG 543 eel 7 eta 
ORS EMT O4sky |S ew he eee 
150° F. Tests 
| | 
Ghanscalelend oC JO Laee aeons an eee 0.5 | 4 886 3 356 

| 0.4 S S17 7, baal 41 Ie ML Bea ecennae 
| 0.3 11 865 (ES Nit So Sian 

| 
AT RENICAL UGA E GAs8O ee ete Sicha iscsi ctw Kuma oteoe es a OLS a els 280 TOGSO2 ae | ieee te 
: 0.4 | 11 000 HOSS ae | ts I ne 
0.3 | 14 514 LOp AOS me wt ate ears 


ee ILLINOIS ENGINEERING EXPERIMENT STATION 


VII. Caste Benp TESTS 


19. Repeated-Bending Tests of Full-Size Section of Cable. — 
Underground electric power cables expand and contract in length with 
change in temperature as the electrical load varies, so that at each 
end of a 400-to-500-ft. length there is a daily movement which usually 
amounts to from 14 to 34 in. This movement produces repeated bend- 
ing of the cable in the manholes, and in many cases the life of the 
cable is dependent on the ability of the sheath to withstand the bend- 
ing. A large number of tests have been run in a dummy manhole ma- 
chine in Chicago by the Commonwealth Edison Company. Since this 
machine requires specimens several feet long and tests the manhole 
installation as a whole, it seemed advisable to develop a machine 
which would require only a few feet of cable for test samples and 
which would determine the bending resistance of the sheathing under 
more closely controlled conditions and the effect of the various cable 
designs upon the bending of the sheathing. 


20. Testing Machine and Specimen Used. — The testing machine 
used is shown in Fig. 26. The cable sample, 32 in. long, is bent to a 
radius of 24 in. and is sealed at both ends by wiping the conductor 
and sheathing together so that when the barrel-stave chucks grip the 
sheathing the conductors carry the bending stress to the sheathing in 
the critical section. The chucks are mounted in trunnions to allow free 


Fic, 26. Caste Benpinc Macuine ror Stupyina EFFEct oF VARYING 
FREQUENCY OF CYCLES oF STRESS AND Errect oF CABLE DESIGN 
ON RESISTANCE TO BENDING oF CABLE SHEATHING 
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Fic. 27. Caste Benn Test REsvtts 


pivoting. To further reduce end conditions in the test, the sheathing 
is cut completely around at a distance of 14% in. from the chucks. 
Since an air pressure knock-off switch is used to determine failure, 
rubber sleeves reinforced with friction tape are cemented to the sheath 
around the cuts. One chuck is fixed to the base of the machine; the 
other is fastened to a rod that is actuated by an adjustable cam 
geared to run one cycle in 76 sec. or one cycle in 6 min. The change 
of the test cycle is made by belt change on double sheave pulleys. 

The strain in the sheathing is measured by means of a 1 in. strain 
gage sensitive to 0.0001 in. Small steel gage points are cemented to 
the top and bottom of the test sample at three 1-in. intervals in the 
middle or critical section. 


21. Results of Bend Tests on Cables.— The strains plotted in 
Fig. 27 are the maximum weighted average strains in the 1-in. gage 
length in which failure occurred. The weighted average strain is com- 
puted by the following method. The strain, measured by a 1-in. strain 
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gage at 1000-cycle intervals during the test, is averaged, and the prod- 
ucts of this average strain and the number of cycles between consecu- 
tive readings are added. This sum is then divided by the number of 
cycles necessary for failure, to determine the average strain prevailing 
during the test. The failures usually occur in the bottom center 1-in. 
gage length; however, localized bending of the conductors or bending 
of the sheath at the edges of the metal binder tapes in the cable may 
cause failure to occur in an outer gage length or on top of the sheath. 
The failures are intercrystalline, with little bulging at total strains 
between 0.3 and 0.6 per cent. At strains above 0.8 per cent some bulg- 
ing is evident. 

The six samples of chemical lead, C-361, gave a strain-life curve 
with a straight-line relationship having little scatter of individual test 
results. This is a belted cable of 3 conductors 500,000 C.M., 13 KV. 
Not enough tests have been completed to give stress-strain curves from 
the arsenical lead cables C-331, belted 500,000 C.M., 3/C, 5 KV, and 
C-389, shielded 500,000, C.M., 3/C, 12 KV. The effect of concentration 
of bending due to the binder tapes was marked in the 76-sec.-cycle 
test of C-389, with a maximum average total strain of 0.455 per cent. 
This sample failed at the top center gage length, which developed the 
maximum strain rather late in the test. The maximum average strain 
for the complete test was developed at an outside bottom gage length. 

The bending resistance of the arsenical lead sheath, C-389, is much 
greater than that of the chemical lead, C-361. The chemical lead 
sheath was on a belted cable; the arsenical lead sheath was on a 
shielded cable. In the bend tests in Chicago also, it has been found 
that the sheathing on shielded cables fails with fewer bending cycles 
than does sheathing on belted cables. The tests on arsenical lead, C-389 
and C-417, with 6-min. cycles show the decreasing number of cycles 
necessary for failure as the speed of bending is decreased. 


22. Correlation Between Bending of Cables and Strip Specimens. 
— The cable bend specimens usually withstand a greater number of 
cycles of a given strain before failure than do the strip bend specimens 
mentioned above. The strain gradient is much more severe in the strip 
specimen, since there is compression on one side and tension on the 
other at the extreme ends of the eyele. In the cable bend samples, on 
one end of the cycle, the sheath is in compression on the top side 
throughout its full thickness and in tension on the bottom side; on 
the other end of the cycle the top is in tension while the bottom is in 
compression. The cable bend samples, with their more uniform stress 
distribution, closely approximate service conditions. 
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VIII. Pracriéan APPLICATIONS OF THE RESEARCH 


By the Advisory Committee of Utilities Research Case No. 106 
Lead Sheath Materials 


This research has been very helpful to the users of lead-sheathed 
cables in helping them to determine the working limits of the sheaths 
for designing new installations and for rating existing installations. 
It has furnished basie data useful in the establishment of standard 
sheath thickness in national specifications and for limiting internal 
pressures in oil-filled and gas-filled pressure type cables. New test 
methods and analytical methods have been developed which have 
facilitated the appraisal of sheathing materials. Through correspond- 
ence, and visits both of the University workers to other laboratories 
where similar investigations are in progress and of the cable manu- 
facturers’ research workers to the University, cooperation has been 
fostered which has directed considerable attention to the sheath prob- 
lem and has promoted investigations elsewhere. 

This work has been directed toward determining (from the stand- 
point of the cable user) the relative suitabilities of the materials 
offered by the cable manufacturers, rather than toward the develop- 
ment by the university of new sheathing materials to fit the require- 
ments. However, it has contributed much toward the latter goal by 
assisting manufacturers to determine the suitability of some promising 
new materials. 

Bulletin 306 contained a section on the expansion of sheaths on 
underground power cables in service. Information was given on the 
internal pressures that occur commonly in high-voltage cables and 
on the expanding sheaths on 66-KV, single-conductor cable of the 
solid type. In order to keep the insulation sufficiently well filled with 
oil so that it could withstand the high operating voltage, reservoirs 
containing oil at a pressure of a few pounds were connected to the 
joints. The expansion of the %4-in. lead sheaths due to the internal 
pressures and to oil entering the cable can cause the sheaths to burst 
at a high rate. In one company the pressure in the reservoirs was re- 
placed by vacuum, and some of the oil was drawn out of the cable 
and back into the reservoirs. There is evidence that such action is 
shortening the life of the insulation under electrical stress, though it 
has stopped the troubles with the sheath. This case illustrates a need 
for better sheathing material which will expand less in service and is 
better able to withstand whatever expansion occurs. 

The elasticity and recovery of the sheaths from expansion which 
are shown by the pressure-vacuum tests at the University of Illinois 


76 ILLINOIS ENGINEERING EXPERIMENT STATION 


are important properties for the sheaths of high-voltage, solid-type 
cable. In most cases the internal pressures in such cables develop 
quickly when the power load transmitted increases, and persist for a 
relatively short part of the day. These properties help to accommo- 
date the expansion and yet result in minimum permanent distension 
of the sheath, so that when cooling occurs the formation of voids in the 
insulation is minimized. 

Under pres:nt operating conditions of high electrical loads the 
limitations of the solid-type cable have become very serious, and more 
attention has been paid to pressure-type cables with their stronger 
sheath requirements. In recent years there has been an increasing in- 
terest in the pressure types of lead-sheathed cable, especially for use 
at the higher operating voltages, in which either oil or gas is main- 
tained at a controlled and fairly constant pressure. Of the com- 
mercially pure leads, those containing between 0.04 per cent and about 
0.06 per cent copper have been shown to be most suitable for use on 
such cable. A maximum safe tensile stress for such sheath has been 
fixed at 125 p.s.i. for general usage. If the internal pressure is high 
enough to cause stresses appreciably exceeding this limit with reason- 
able sheath thickness, then a costly double-sheath construction with 
reinforcing tapes between the sheaths becomes necessary. Some of the 
newly developed arsenical lead alloys which have been studied in this 
research will permit use of single sheaths at higher stresses. The infor- 
mation available at the present time indicates that the safe limit for 
this material is 175 p.s.i. or more. 

For many years there has been an obvious need for improvement 
in the ability of the sheaths to withstand repeated slow bending of 
small amplitude. Such bending occurs in manholes because of the ex- 
pansion and contraction of the cable longitudinally with changes in 
temperature. The service life of most cables is determined more by the 
ability of the sheath to withstand such bending than by the ability of 
the insulation to withstand the voltage. 

In recent years, with rising costs and scarcity of materials, a 
definite trend has developed toward higher loads on the power trans- 
mission and distribution systems, with correspondingly larger daily 
temperatures. Some utilities are planning to increase the loads still 
further in order to obtain maximum usage of the investment without 
impairment of the service. Thus the need for improved sheaths has in- 
creased, and much of the attention in this research has been given 
recently to that aspect of the problem. 

é; Bending tests are made on 25-ft. samples of cable containing a 
joint in a full-size manhole set up in a laboratory to reproduce service 
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conditions, and bending tests are made on 8-f{t. samples of cable set-up 
in U-shape. In these tests the bending has been at the rate of one 
cycle in 70 sec. while in service the cycles are generally daily cycles. 
The application of these laboratory data to service conditions has been 
facilitated by the tests of strip specimens and 2-ft. samples of cable 
at the University where tests have been made with 1-min., 10-min., 
and 60-min. cycles. Also, the information obtained there on the effects 
of temperature and vibration has been very helpful in the interpreta- 
tion of the results. All of this information combined indicates that the 
life to fracture in bending of commercially pure lead sheaths in service 
is approximately 30 per cent of that obtained in the tests of cable with 
70-sec. cycles at room temperature when life is expressed in number 
of bending cycles. 

The arsenical lead alloys, which are represented in this bulletin 
by samples C-331, C-389, and C-417, have lives to fracture in bending 
of over three times those for commercially pure lead at room tempera- 
ture in tests having cycles lasting about one minute. The ratio is a 
little less in tests at 110 deg. F. These alloys have also relatively high 
creep resistance and good ductility, which is retained with age even 
better than that of chemical lead. The commercial use of these alloys 
was started early in 1945 and they are expected to make possible con- 
siderably higher loading on the cables. The possibilities of improve- 
ments in cable sheaths do not appear to have been exhausted by these 
developments. Further research is in progress and possibly other alloys 
will be developed which will have even better characteristics, especially 
in the long-time life required in service. 
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IX. SUMMARY 


(1) The investigation reported in this bulletin was made from the 
viewpoint of the user of lead sheathing for electric power cables. The 
tests made were on specimens of sheathing or on specimens cut from 
sheathing produced at various cable factories some from commercial 
production and some from experimental lengths, but all extruded by 
the factory lead presses. There has been no attempt in this investiga- 
tion to make alloys of lead for the purpose of studying their properties. 

(2) In tensile-creep tests of lead and lead alloys carried to fracture 
there seem to be three fairly well defined stages: (a) a preliminary 
stage during which creep starts at a relatively high rate and diminishes 
in rate as the stage proceeds; (b) a second stage, during which the 
creep rate remains nearly constant for some leads and lead alloys while 
for others it diminishes gradually at a greatly reduced rate for several 
thousand hours; and (c) a third stage during which the creep rate 
increases, the specimen tends to “neck down,” and final fracture occurs. 
The creep rate during the second stage, which is the minimum creep 
rate during the entire test, is sometimes taken as the index of creep 
resistance of the metal. Low creep rate means high creep resistance. 

(3) Another index of creep resistance is the total creep (including 
the creep in the first stage) up to any given time in the second stage. 
The MeVetty method described in Bulletin 306 is used in determining 
this index of creep resistance. This is the most accurate method for 
lead alloys due to the large amount of creep in the first stage and the 
consequent strain hardening of most alloys. 

(4) Creep deformation in lead alloys is a result of the combination 
of two mechanisms: (a) creep within the grains, which occurs as 
erystographically directed slip, or translation, and (b) plastic flow at 
the grain boundaries. At higher stresses creep deformation which pre- 
cedes failure is more a result of slip, while with the lower stresses 
reported in the creep tests, boundary flow becomes the major mechan- 
ism of deformation. The alloying constituents tend to form a mechan- 
ical lock within the grains retarding slip due to stresses below certain 
limits. Failure then takes place at the grain boundaries. When some 
of the alloying material precipitates out of solution or a surplus is 
present, and segregates at the grain boundary, thus weakening the 
joint between the grains to a strength less than that of the mechan- 
ically stiffened grains, failure occurs at the grain boundaries. This 
phenomenon gives an intererystalline type of failure common to most 
lead alloys subjected to a long-continued steady load. The ductility as 
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measured by the elongation after fracture is then lower than in the 
short test where some of the failure resulted in shp within the grains. 

(5) A reliable formula relating creep, stress and time, then, would 
have to take into account the two types of failure, the amount of the 
alloying constituents, strain hardening, localized weakness in the 
sheath due to fabrication, grain boundaries, ete. Since the creep rates 
of lead alloys in the stress range met in service are so sensitive to 
chemical composition, strain hardening, and grain structure, no simple 
relation can be derived without much more information. 

(6) A graphically tabulated evaluation of the creep resistance of 
the various alloys tested appears in the bulletin, as Fig. 12. The 
MeVetty method was used to estimate the total creep and the rate of 
creep for 10,000 hr. based on 2000-hr. tests at room temperature, 110 
deg. F., and 150 deg. F. of strip specimens loaded with a tensile stress 
of 200 p.s.i. 

(7) Strength-time and ductility-time tests extending past 10,000 
hr. are shown for various leads and lead alloys. The tendency for most 
of the lead alloys to decrease in ductility as the time for fracture is 
increased is readily apparent. 

(8) Many of the alloying constituents — calcium, magnesium, 
bismuth, and copper — greatly increase the creep resistance of the 
lead. Tin and antimony tend to reduce the creep resistance of the 
lead to lower stresses. Magnesium, bismuth and calcium, antimony and 
tin reduce the ductility of the lead in low-stress long-time fracture 
tests unless restrained from segregation by small amounts of arsenic. 

(9) Full-section specimens of cable sheath under constant internal 
oil pressure do not, as a rule, creep as much as do strip longitudinal 
specimens cut from the sheathing material. Specimens cut in the 
longitudinal direction of extruded sheath may have the striated struc- 
ture, which is more ductile and more apt to creep than if cut trans- 
versely from the sheath. The tendency for small inclusions, oxides, 
and foreign material to segregate in longitudinal planes would reduce 
the ductility of the sheath in the transverse direction and account for 
low ductility after failure of the sheath as compared with that of the 
strip specimens. The biaxial state of stress in the sheath sample tends 
to reduce the elongation in both directions. Longitudinal specimens 
are usually more ductile and slightly stronger than the transverse ones. 

(10) Sheathing samples subjected to alternate periods of internal 
pressure and vacuum did not creep as much as did strip specimens 
loaded with equal tensile stress for the same time under load. The 
sheath samples were under pressure for only one-third of the elapsed 
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testing time. They showed less creep than did continuously loaded 
strip specimens in one-third the testing time of the sheath samples. The 
sheath samples showed considerable creep recovery during the vacuum 
periods. 

(11) A new multiple strip bending machine is described in which 
strain cycles of one a minute, one in ten minutes, and one an hour were 
applied to longitudinal strip specimens cut from sheath at room 
temperature, 110 deg. F., and 150 deg. F. The number of cycles of a 
given strain to cause failure decreased as the length in time of cycles 
was increased and as the temperature was increased. The arsenical 
lead alloys had superior bending resistance in all tests. The tendency 
of arsenic to refine the grain structure and retard segregation is 
believed to be the reason for the high resistance to bending of these 
alloys. 

(12) A new cable bending machine is described. This machine will 
do bend tests on 32-in. long samples of cables with strains equal to 
those met in service, without buckling or bulging the sheath. The tests 
of belted cable at total strains of 0.3-0.6 give a straight line relation- 
ship between strain and the logarithm of number of cycles to fracture. 
Some scatter was found in the tests of shielded cable. This machine 
is useful in testing the effect of cable construction on the life of 
sheathing as well as in comparing different sheathing materials. The 
cable bend test results indicate also the superior bending resistance of 
the arsenical lead alloys. 

(13) The two bending tests did not agree very well in some test 
results. The strip bend test results on arsenical lead, C-331, gave more 
cycles for failure at all strains than did the cable machine, whereas on 
arsenical lead, C-389, the results were reversed. On the tests of 
chemical lead the two tests agreed very well for lower strains, with the 
cable machine tending to give more cycles to failure as the strain was 
increased than did the strip bending machine. Since only surface 
strains are measured in each test, the more severe strain gradient in the 
strip bend sample may cause failure to occur with fewer cycles due 
to surface irregularities, weak grain structure, ete. 


ANE PADINIDIDSC IN 
EFFEcT OF SPECIMEN WipTH ON CrEEP Test RESULTS 


At various times the question of the effect of width of specimens on 
the creep test results has been raised by several investigators testing 
lead and lead alloys. Some investigators reasoned that in using a 
specimen only 14 in. wide, such as was used at the University of Illi- 
nois, when testing a large-grained material, the tests may be unduly 
influenced by the behavior of a few grains or grain boundaries. Shght 
imperfection in the materials might extend over the whole cross-section 
of the narrow specimen, while in a larger specimen the same discrep- 
ancy might extend over only part of the cross-section. 

Since all the materials tested were extruded and consequently were 
mostly fine-grained, the author believes that the 14-in. specimen was 
wide enough to yield a representative grain structure in the cross- 
section of the creep specimen. At least 20 grains were visible across 
the cross-section of the test sample of the largest grain material. Since 
the 20-in.-long specimens were of necessity cut longitudinally from the 
sheath, and any striated structure within the extruded sheath would 
run longitudinally and not across the specimen, the author feels that 
the size of the specimen would have little effect unless the imperfection 
were confined to a very small area of the sheath. 

The advantage of a long, narrow specimen is the ease of acquiring 
axial loading and consequently more uniform stress distribution across 
its cross-section. The long, narrow specimen tends to line itself more 
quickly with the load. With the smaller cross-section, fewer and 
smaller weights are required for loading, and consequently less shock 
is applied to the specimen with the more easily handled weights. 

In order to test the effect of specimen size on the creep of lead, 
specimens 34 in. and ¥4 in. wide were cut from sheaths of 0.03-per cent 
calcium lead, a copper lead, and two sheaths of common desilverized 
lead A. Three specimens of each size for each material were placed in 
the same creep rack with a controlled temperature of 110 deg. F. 
Stresses of 100, 150, 200, and 300 p.s.i. were used. Figure 28 shows 
the results of these tests. 

From a statistical standpoint the 14-in. specimen had less resist- 
ance to creep in five tests out of twelve. In one test the wide and 
narrow specimens had the same creep resistance; in six tests the wider 
specimens had lower creep resistance. When the normal variation in 
ereep behavior in different specimens from apparently identical ma- 
terial is quite large, the variation in the creep recorded for the two 
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sizes of specimens in these tests is to be expected. The author feels that 
the 14-in. specimen has a width sufficient to give reliable creep data on 
the materials commonly used for cable sheathing. Stress-rupture tests, 
comparing data from 14-in. and 1-in. specimens, gave about the same 
agreement in test results. These data are shown in Bulletin 347 of the 
Illinois Engineering Experiment Station, page 30. 
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APPENDIX B 


STRESSES AND STRAIN IN A Unrrorm-Section, Homocenrous Bram 
Loapep At Two Pornrs SYMMETRICALLY PLACED 
IN THE SPAN OF THE BEAM 


Following is a discussion of the method of computing the strain 
produced in a flat, thin specimen when supported at two points as a 
simple beam loaded at two symmetrical points along its span. This 
discussion applies to the tests discussed in Chapter VI. 

Underlying the discussion of the deflection and curvature of any 
beam is an assumption, usually attributed to Bernoulli but sometimes. 
to Navier, that the strain (stretch or compression per inch) at any 
point in the beam is proportional to its distance from the neutral 
surface of the beam (y in Fig. 29b). The assumption is often somewhat 
loosely stated: “A cross-section of a beam which is plane before bend- 
ing remains plane after bending.” This assumption (of proportion- 
ality of strain to y) is based on experimental evidence, and is not con- 
fined to elastic action of the beam, but holds even when Hooke’s law 
does not hold —e.g., for a beam of ductile material loaded beyond its 
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yield strength, for beams of most brittle materials, and for rubber. In 
this bulletin, therefore, Bernoulli’s assumption is regarded as reliable 
for strips of lead alloy tested in bending. 

Figure 29a shows, in diagram, a homogeneous beam of constant 
cross-section loaded with equal loads at two symmetrical points in 
the span. Over the part of the span b the bending moment is constant, 
the shear is zero, and, if the beam is loaded within the range for which 
Hooke’s law holds, the ratio of stress to strain is constant throughout 
the beam, and the stresses and the strains on the upper and the lower 
surfaces of the beam are equal all along the length b. 

Now let us consider a beam in which Hooke’s law does not hold 
throughout the beam. Figure 29b illustrates this case. The diagram of 
strain at any cross-section of the beam along the length b is a straight 
line diagram (m po rnin Fig. 29b), but now the relation between stress 
and strain is no longer constant across the section and the stress 
diagram is not a straight-line diagram, but something like the figure 
mp’ or’ n, and mop’ has the shape of the stress-strain diagram of the 
material in tension, with m p’ representing the maximum tensile stress. 
Similarly n 7’ represents the maximum compressive stress. 

Now the resisting moment in the beam, which balances the bending 
moment, is proportional to the constant width, w, of the beam multi- 
pled by the area mop’ multiplied by q, the distance between the 
“center of gravity” (K,) of area mop’ and the center of gravity (K2) 
of area no7’. But the bending moment is constant along the length b 
of the beam shown in Fig. 29a, and the material is homogeneous; so 
that along any cross-section along 6 the stresses and strains are those 
shown in Fig. 29b, the relation between stress and strain at the surfaces 
of the beam is the same for any section along the length b, and since 
the surface stresses m p’ and nr’ are constant along the length b,* the 
strains mp and nr are also constant, and the neutral surface of the 
beam is bent into the are of a circle with radius R as shown in Fig. 
29c. This may be shown as follows. In Fig. 29¢ A lis a short length of 
the beam, and e is the elongation (or compression) along the surface of 
the beam. Now if the strain (stretch or compression per inch of A 1) is 
denoted by ¢, then by similar triangles (assuming that the curve of the 
beam is so flat that A 1 may be regarded as a straight line) 
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whence 


c 1 ( 


€ 


In this expression c is a constant and ¢€ is constant along the length b. 
But since e« and ¢ are constant along the length b, R must also be 
constant, and hence the beam loaded by two loads symmetrically 
spaced along its span is bent into the are of a cirele between the loads, 
and the surface strain all along the upper and lower surface of the 
beam between loads is equal to c/R. 

The radius of curvature of a circular cylinder or a circular ring 
may be measured by a device which measures the ‘‘rise of the are of 
the cirele for a given chord.’’ Such a device is shown in diagram in 
Fig. 29d; it may be used to measure the radius of curvature, and hence 
the surface strain, in a specimen bent into the are of a circle by two 
symmetrically spaced loads. In Fig. 29d, h measures the rise of the 
are as the beam is bent upward.* 


Now 
BP =a | Ch hi)? Smt ER = 2h Eh, 
whence 
O = m* — 2R'h + A’, 
and 
m + h2 
Rk! = ——— 
2h 


Now R, the radius of curvature of the neutral surface, is equal to 
R’ — c. Then from Equation (1) 


Cc m: + h? m? + h? — 2he 
R= = —c= 
€ 2h Qh 
and 
2he 
a ; (2) 
m + h? — 2he 


For flat, thin strips, h? and 2he are usually small in comparison 
with m2, and Equation (2) may with sufficient accuracy be written 
2he 


* The vertical movement of point 2 on the upper surface of the specimen direetly under the 
plunger of the micrometer dial may be regarded as equal to the vertical motion of the correspond- 


ing point en the neutral surface of the beam. 
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A numerical example may be of service. Assume m=1.5 in., 
h = 0.08 in., and c = 0.0625 in. Then 


2X 0.08 X 0.0625 0.01 
e= = = 0.0044515, 


1.52 + 0.08? — (2_X 0.08 X 0.0625) 2.2464 


or (using the approximate formula) 


2 X 0.08 X 0.0625 0.01 
e= = = 0.0044444. 
LS 2.25 


When the gage length of the strain gage is 2 in., as it is in the 
t 
Illinois strip bend tests, m is equal to 1; and since c = ou where t 


2he 


9 


m2 


is the thickness of the sheath, the formula e = becomes e = At. 
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36. Electro-Organic Chemical Preparations: Part III, by 8. Swann, Jr. 1947. Free 
upon request. 

Vie Progress Reports of Investigation of Railroad Rails and Joint Bars, by R. E. 

Cramer, N. J. Alleman, and R. 8. Jensen. 1947. Free upon request. — 

38. Second Progress Report of the Investigation of Methods of Roadbed Stabiliza- 

tion, by R. Smith, R. B. Peck, and T. H. Thornburn. 1947. Free upon request. 


